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I. INTRODUCTION 
In the United States the swing towards meat type hogs 
has become pronounced in recent years. Consumer preference, 
for several reasons, has changed to favor leaner meat, and 
lard no longer meets the same demand, particularly in the 
face of ever increasing competition from vegetable oils. 
Studies of the important relationships between constituent 
parts of the carcass have continued, and emphasis has been 
placed on finding good indicators of the proportion of lean 
meat in the carcass. 
Interest is increasing in possible aids for selecting 
genetically leaner pigs. Prominent among these is the use of 
environmentally uniform testing stations. Testing in a cen­
tral station to allow more accurate selection of pigs of the 
desired type has been carried on for many years in other 
countries, particularly in Denmark where the program was in­
itiated in the last part of the nineteenth century. The re­
sults of the tests in that country have been analyzed rather 
thoroughly and have been published regularly. In Canada, 
too, work in the area of performance testing and carcass 
evaluation was begun around 1930, and the first station was 
set up in 1934. At present there is one in each of nine 
provinces. Other such stations exist in Holland, Sweden, 
Norway, and other countries in West and Central Europe, In 
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the United States, efforts to use a testing program were made 
in the early twenties and litter testing began in 1927. Lack 
of knowledge concerning heritabilities of various traits, the 
genetic relationship among them, and the underlying princi­
ples of efficient testing schemes, caused uncertainty about 
interpreting the data. Also the problem of getting the re­
sults back to the breeder in time to influence his selection 
of breeding stock, which exists to some degree wherever the 
progeny test is used, was considered serious. After several 
years of operation, interest shifted from the testing work to 
investigating the basic principles. 
The development by Hazel and Kline (1952) of a technique 
for indicating the meatiness of pigs before they are used for 
breeding, renewed the interest in measurements on the live 
animal. They inserted a metal ruler into a small incision 
at several locations along the back and showed that it was 
possible to measure fairly accurately the thickness of back-
fat on the pig by this method called "probing". The average 
probe appeared to be a better indicator of carcass value and 
leanness than was the average backfat measurement on the car­
cass after slaughter. A new area in testing work seemed to 
have been opened. 
Under the guidance of Iowa State College a group of 
breeders met in 1955 and formed the Iowa Swine Testing As­
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sociation. Rules of participation were drawn up by the Board 
of Directors. A testing station was built west of Ames con­
sisting of 102 pens in three parallel rows of 34- pens each, 
facing east and running north and south. Testing began in 
the summer of 1956. 
The procedure adopted was to test young boars for the 
three traits: Daily gain, efficiency of feed conversion, and 
leanness as indicated by the backfat probe. The index con­
structed at the college to compare the performance of the 
pigs was : 
I = 260 +(35 x Daily Gain) - (40 x Feed Efficiency) 
- (75 x Backfat Probe) 
Daily gain is measured in pounds, feed efficiency in pounds 
of feed per pound of gain, and backfat probe in inches. The 
factor 260 was added so that the average index of all pigs 
tested in the first season would be about 100. Since back­
fat thickness is about twice as heritable as daily gain or 
feed efficiency and since the principal object was to select 
meat type hogs, backfat probe was weighted more heavily than 
the other two traits. 
Each entry consisted, in the first two seasons, of four 
boars and two barrows. In the third season this was changed 
to three boars and one barrow, permitting more entries. The 
barrows were slaughtered at about 200 pounds liveweight, and 
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extensive carcass data were recorded. Killing and cutting 
were done for the first two seasons at the Iowa State College 
Meat Laboratory, but in the third season these were done at 
a commercial packing plant. 
Boars which indexed lower than 95 in the first season, 
or lower than 100 in the subsequent two seasons were cas­
trated. In addition, independent culling levels were estab­
lished. Pigs probing over 1.6 inches of backfat were cas­
trated in the first season. In the second season pigs prob­
ing over 1.5 inches, or failing to gain at least 1.5 pounds 
per day, or having an efficiency of over 3»25 pounds feed 
per pound gain were castrated. A maximum efficiency of 3.20 
pounds feed per pound gain, and a minimum gain of 1.6 pounds 
per day were allowed in the third season, while the maximum 
backfat permissible remained at 1.5 inches. 
Boars which meet the required standards are sold by auc­
tion and have been commanding considerable prices. 
In three seasons of operation, sufficient data have been 
accumulated to allow some scrutiny of the relative sizes of 
the measurable sources of variation, of the relationships of 
the traits considered in the index, and of how closely the 
figures suggested by the data agree with those used in con­
structing the index. This thesis constitutes such a study. 
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The size of the entry may soon be modified further to 
include four boars and three barrows from three litters by 
the same sire. With one barrow from each litter, every boar 
would have a full sib barrow but the whole group of barrows, 
numbering 306, would be fed on a concrete lot in one pen and 
only their carcass characteristics would be studied. This 
thesis also attempts to measure the gain in information which 
would be obtained by incorporating in the index for each boar 
the figure for percentage of lean cuts thus obtained for his 
barrow full sib. 
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II. REVIEW OF LITERATURE 
The literature contains many reports of studies on per­
formance traits and carcass characteristics in swine. Many 
different aspects have been considered. Consequently only 
those papers which seemed to have a direct bearing on the 
present study were reviewed. These seemed to the author to 
fall into ten general categories as to main subject matter, 
viz: breed differences, season effects, nutrition levels, 
probing, other carcass studies and indicators of lean cuts, 
phenotypic correlations, genetic correlations, heritabili-
ties, selection indexes, and testing stations. 
A. Breed Differences 
Hankins and Hiner (1937) compared the Danish Landrace 
to the Duroc-Jersey and Poland China breeds. The Poland 
China had the least fat, the Duroc-J ersey the most fat, and 
the Landrace was intermediate. The Landrace yielded the high­
est percentage of primal cuts (ham, loin, picnic shoulder, 
Boston butt and belly) and the most loin, but differences be­
tween this breed and the Poland China were not large. The 
study involved lé6 carcasses. 
Menzies-Kitchen (1937), in an examination of a consider­
able volume of data in England, found that strains within a 
breed showed differences in growth rate and grading as large 
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as did breeds. He did not, however, calculate the variance 
among breeds or among strains within breeds. Molln (1940), 
on the other hand, found no marked differences between mildly 
inbred lines within breeds, while breeds differed signifi­
cantly in lôO-day weight. 
Miranda et al. (1946) reported highly significant breed 
differences, which accounted for 21 percent of the total 
variation in daily gain. A total of eight breeds and 601 hogs 
were studied. 
Poland China pigs produced less fat than either Chester 
Whites or Durocs in the study reported by Cummings and Winters 
(1951). 
Johansson and Korkman (1950) analyzed the results of the 
Swedish testing stations and found that breed differences con­
stituted six percent of the total variation in daily gain, 
seven percent for backfat thickness, and only one percent for 
feed economy. Only two breeds were studied, the Swedish 
Landrace and the Large White, but there were 1882 test groups 
of the latter breed and 1154 of the former. A test group com­
prised four pigs. 
Cobb (1952) compared Landrace, Poland China and crosses 
of these two breeds. The crossbreds were superior to either 
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breed in total merit, with the purebred Landrace excelling 
the purebred Poland China, This latter result is not very 
dependable, however, since only six purebred Landrace were 
included. 
Ollivier (1957) studied breed differences in growth 
rate and carcass characteristics. He found important breed 
differences in all the traits he studied, especially in back­
fat thickness and carcass grade. For 154-day weight, the 
breed differences did not quite reach the ,01 level of sig­
nificance in the volume of data he studied. 
From these reports it is apparent that marked differ­
ences exist between breeds in the traits considered in the 
present study. Improvement in the swine industry is likely 
to come about partly through some inter-breed readjustment 
but mainly through intra-breed improvement in economic char­
acteristics. Hence it was deemed advisable to carry out the 
present analysis on an intra-breed basis. 
B. Season and Year Effects 
In the Danish progeny testing stations, Lush (1936) 
found a rather steady decline in the number of feed units re­
quired per unit of gain from 1907 to 1935. However, he could 
not distinguish the genetic improvement from improvement in 
management. Among other traits, he studied daily gain and 
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backfat thickness : year to year differences were marked. 
Slightly different observations were made by Johansson 
and Korkman (1950) in their study of the results of the 
Swedish testing work. They found no season differences in 
backfat thickness or in rate of gain, but for the latter trait 
year to year variations were important. Season of the year 
affected economy of gain. Pigs entering the test in October-
January used .06 Scandinavian feed units more per kilogram 
of gain than did pigs entering at other seasons. 
Yearly differences caused 9.2 percent of the total vari­
ation in 180-day weights of 1190 Poland China swine in the 
analysis of Whatley (1942). The data covered a five year 
period. 
Season differences in daily gain and depth of backfat 
were rather large in the data of Blunn and Baker (1947). For 
testing the significance of these differences in the statis­
tical analyses, seven degrees of freedom were available from 
eight seasons over a period of five years. Daily gain was 
measured over the periods from % days of age to 112 days, 
and from 112 days to slaughter. 
These papers illustrate the importance of removing the 
clouding influence of years and seasons before attempting a 
genetic analysis of swine data. 
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G. Nutrition 
Ellis and Zeller (1931) reported the results of feeding 
48 pigs individually on dry lot to gain approximately 50 
pounds. The range in weight gains was from about 40 pounds 
to 60 pounds. The pigs were divided into three groups and 
fed a ration with shelled peanuts as the basal feed supple­
mented by tankage, alfalfa meal, minerals, linseed meal and 
wheat middlings. One group was full fed, the second was fed 
at three-fourths of full feed, and the third group at half 
of full feed receiving 1.5 to 2.0 pounds feed per 100 pounds 
body weight. The second group showed the fastest daily gain, 
1.05 pounds, with the most efficient feed conversion, 2.00 
pounds feed per pound gain. The third group gained at the 
slowest rate of .76 pounds per day but, requiring 2.15 pounds 
per pound of gain was still more efficient than the first, or 
full fed, group which required 343 pounds feed per pound gain 
while gaining weight at the rate of .95 pounds per day. Eive 
pigs of each group were slaughtered. The carcasses of the 
restricted-feed groups produced more ham and trimmed loin, 
with less belly, trimmings and backfat, but the fat on these 
carcasses was softer. -
In further experiments, using corn as the basal feed, 
17 pigs were fed for gains of 125 to 150 pounds. The three 
planes of nutrition used were again full, three-quarter and 
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half feed. The results showed the full fed group highest 
in daily gain but lowest in economy. The half fed group, on 
the other hand, had the lowest daily gain but were the most 
economical. 
Ellis and Zeller state : 
The results have shown an increase in the effi­
ciency of conversion of feed into pork on the low 
or subnormal levels of intake. In other words 
limitation of the feed intake below the full feed 
level has produced an increase in the total gain 
for a given quantity of feed even though fed over 
a longer feeding period. 
McMeekan (1938), on the basis of his work, proposed that 
the quality of bacon carcasses was related to the rates of 
growth over certain periods of the pig's life. Crampton 
(1940) disagreed with McMeekan, since he found no relation be­
tween the rate of gain from weaning to 100 pounds and carcass 
quality as reflected by area of the loin muscle, length of 
carcass and percentage area of lean in the rasher. Crampton 
pointed out that McMeekanfs slowest gaining pigs gained only 
.4 pounds per day, a figure which he thought was too low for 
good management conditions, so was not strictly applicable to 
animal husbandry practice. Winters et al. (1949) also failed 
to reproduce the results of McMeekan in controlling the rela­
tive amounts of bone, muscle and fat in the carcass by feeding 
on two planes of nutrition over two stages of the pig's life. 
However, neither Crampton nor Winters began their experiments 
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until the pigs were comparatively well developed (weaning 
and 80 days respectively) while McMeekan*s pigs were placed 
on experiment at 3 to 5 days of age (the low plane of nutri­
tion being achieved by removing from the sow for lengthening 
intervals some pigs of each litter). Other differences in 
experimental procedure would add to the discrepancies, 
Dickerson and Gowen (1947) in experiments with "Yellow" 
and normal mice found that of the total energy consumed in 
the feed only 2 to 11 percent was stored as protein or fat, 
while 70 to 80 percent was burned in work. They concluded 
that the gene for Yellow is hormonal in effect causing altered 
carbohydrate metabolism. The Yellow mice stored 2 to 5 per­
cent more of the total energy, but this small increase in ef­
ficiency due to the decreased maintenance caused large in­
creases in weight gains. 
These studies emphasize the need for standardized feeding 
in any attempt to select superior genotypes. Lefebvre (1938) 
pointed out the difficulty in achieving uniformity in feeding 
by hand over a whole station and among all the stations in 
Canada, in the early days of testing in that country. In the 
station of the Iowa Swine Testing Association self-feeders 
are employed, providing ad libitum feeding of a standard mix­
ture described by Munson (1957). 
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D. Probing 
The probing technique was first devised and described 
by Hazel and Kline (1952). By making a small incision and 
inserting a metal ruler until it came in contact with the 
muscle, depth of backfat was measured at several locations. 
Three probing sites were li inches off the mid-line, the 
first behind the shoulder, the second in the middle of the 
back, the third over the loin. A fourth probe was made in 
the middle of the loin over the body mid-line. The results 
were promising. The average of the four probes was correl­
ated .81 with the average of three carcass backfat measure­
ments, -.50 with the percentage primal cuts and -.44 with the 
lean loin area. The average of the three carcass backfat 
measurements was correlated -.45 with the percentage primal 
cuts. Hence live probes seemed to be more accurate indica­
tors of the lean in the carcass than were measurements of 
the carcass backfat. Hazel and Kline suggested that this 
was due to the probes being taken over the muscle while the 
carcass measurements were over the vertebrae on the split 
carcass. 
Hazel and Kline (1953) tested the relative accuracy of 
eight different sites for probing and concluded that the 
sites behind the shoulder, over the loin (both over the 
longlssimus dorsi) and over the ham had the greatest accuracy, 
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as measured by correlation with percentage of lean cuts and 
of fat cuts. The probes at these three sites were correla­
ted with percent lean cuts -.69, -.70, and -.65 respectively. 
The authors again concluded that probing was as accurate as 
backfat measurements on the carcass. The same conclusion 
was drawn by Douce (1954). Using 66 hogs he found the cor­
relation between average probe and percent lean cuts to be 
-.86 while that between average carcass backfat and percent 
lean cuts was -.81. These correlations are high, but con­
tained breed differences which would be expected to have 
raised them a little. Douce saw no harmful effects of probing 
at two different weights on subsequent growth rate or carcass 
quality, and suggested that probing was of high practical 
value in selecting meat type animals. 
Probing was introduced on a fairly large scale on mid­
west farms and the results were reported by Durham and Zeller 
(1955). Eleven hundred animals were probed on thirty breed­
ing herds, with willing cooperation from the breeders and no 
difficulties encountered with infections. Barrows probed 
fatter than gilts and gilts fatter than boars. 
Hetzer et al. (1956) probed 140 pigs from the R.O.P. 
trials at Beltsville, including 45 boars, 30 barrows and 6 5  
gilts. They found that in general the sexes did not differ 
from each other. The intra-sex and line correlations between 
15 
probe and percent primal cuts was only -.28, considerably 
lower than has been found in other studies. Probe and car­
cass backfat measurements were correlated .38 when the probing 
was done at 150 pounds liveweight. This increased to .72 
when probing was done at 225 pounds# Live hog measurements 
were more highly correlated with percent primal cuts than 
were carcass backfat measurements. 
The results obtained by De Pape and Whatley (1956) from 
probing 111 pigs at various sites and weights indicated that 
the average of six probes was a better indicator of percent 
primal cuts than were measurements of the carcass backfat, but 
the reverse was true when considered as indicators of percent 
lean cuts (the sum of ham, loin, picnic and Boston butt). 
They recommended probing after the pigs have reached l80 
pounds. Probing at early ages was not very accurate, since 
fat is a later developing tissue. 
Pearson et al. (1956a) found a correlation of . 6 5  be­
tween the average of three probes and the average of four 
carcass measurements of backfat thickness. Using the same 
hogs Pearson et al. (1956b) obtained a correlation of .33 
between the fat-lean ratio in the rough loin and the average 
of the live probe measurements. Pearson et al. (1956c) com­
pared the accuracy of the lean meter and live probing. The 
two methods of backfat measurement differed little in their 
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relationship to carcass cutouts but the authors preferred 
the live probe because of its higher association with specif­
ic gravity, loin lean area, and fat trim. 
Lesley et al. (1956) found a correlation of -.57 between 
probe and weight of lean cuts in pounds. The carcass weight 
varied little, so that the figure they used for weight of 
lean cuts varied almost exactly with percent of lean cuts. 
Using some of the same pigs, Holland (1957) obtained correla­
tions of -.43, -.60 and -.61 between percent lean cuts and 
probes at three different sites, behind the shoulder, middle 
of the back, and middle of the loin respectively. Holland 
also used an ice pick to probe the depth of the lean, but 
these pick probes were not highly correlated with percent 
lean cuts. 
E. Other Carcass Studies and 
Indicators of Lean Cuts 
Warner et al. (1934) quote several previous workers who 
were all in agreement that with increasing carcass weight the 
fat content increases, there is more belly, leaf and backfat, 
and that percent lean cuts decreases. Warner et al. found 
that the ratio of (Back4-Belly) / (Trimmed Ham 4-Loin) 
varied from 1.09 for the heavy pigs down to .6 for the light 
ones. The actual fatness of the pig was closely related to 
the percentages of its various cuts, e.g. the correlation be­
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tween ether extracted fat and the weight of fat cuts was .91. 
They proposed the percentage of cold carcass weight formed 
by belly, skinned backfat, leaf and trimmings as a good in­
dicator of the fat content of the carcass. However they used 
pigs ranging in weight from 75 pounds to 393 pounds, a range 
much wider than the normal for slaughter weight. Hence it is 
doubtful whether such an index would be useful in practice. 
The extreme range in weight probably increased the correla­
tion considerably. 
Whiteman and Whatley (1953) showed that the percent lean 
cuts was estimated equally well by area of loin eye measured 
either by planimeter or by the product of length times width. 
However neither method gave any more information about lean 
cuts than was already supplied by backfat thickness or specif­
ic gravity. 
Hazel et al. (1943) concluded from studies of growth rate 
and eight carcass measurements on 152 hogs that carcass com­
position can be changed only slightly by varying growth rate. 
Their average slaughter weight was 225 pounds with a standard 
deviation of 6.8 pounds. The standard deviation of 180-day 
weight was 28.8 pounds. 
Aunan and Winters (1949) from a study of the variations 
of muscle, fat, and bone in swine carcasses decided that back­
fat was a good measure of carcass quality and proposed as an 
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index of the latter, the ratio (Carcass Weight) / (Carcass 
Length x Backfat Thickness). 
F. Phenotypic Correlations 
There is fairly general agreement that fast gaining hogs 
are also phenotypically fatter, but the association between 
the two traits is not so marked as seems generally to be sup­
posed. Lush (1936) found in his analysis of the results of 
the Danish progeny testing work a correlation of .07 between 
daily gain and thickness of backfat, using averages of four 
litter mates. Other correlations reported have involved meas­
urements on individual pigs. From the results of Swedish 
testing, along the same lines as the Danish scheme, Johansson 
and Korkman (1950) reported a weak negative correlation with­
in tested groups for age at slaughter and backfat thickness 
and, since slaughter weight was fairly constant, the faster 
gaining hogs tended to be fatter. Dickerson (1947) obtained 
a correlation of .10 using data from the Iowa Station collec­
ted during the period 1930-43. The highest correlation re­
ported is .29 by Blunn and Baker (1947). They had in their 
data from Nebraska 357 degrees of freedom. Anderson (1954) 
correlated backfat thickness and 154-day weight in data from 
the Iowa Station and obtained a coefficient of .13 based on 
420 degrees of freedom. Cobb (1952), also using data from 
the Iowa Station, calculated the relationship between 154-day 
weight and backfat within test groups to be .07. 
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Recently, Jonsson (1957), using more than 3000 barrows 
and the same number of gilts, found negative correlations for 
individual daily gain and backfat thickness. For barrows the 
result was -.22 and for gilts -.09; the difference in the re­
lationships in the two sexes is quite surprising considering 
the volume of data analyzed. These correlations included any 
effects of differences between years, seasons and breeding 
centers. 
Using some of the same data as the present study, Munson 
(1957) found a correlation between individual daily gain and 
backfat probe of .16. 
Measurement of individual feed consumption in swine is 
quite laborious, and most of the data on economy of gain (or 
efficiency of feed conversion) involve records made by groups 
of pigs. In some cases, however, individual feeding was em­
ployed, for example in the recent results of the Danish test­
ing work reported by Jonsson (1957). In such cases correla­
tions calculated between feed efficiency and daily gain con­
tain the whole amount of automaticity involved in the relation­
ship between a ratio and its denominator. Thus Jonsson ob­
tained results of -.84 for barrows and -.83 for gilts. 
Dickerson and Grimes (1947) also reported on the results of 
feeding 493 hogs individually in an experiment on selecting 
for high and low efficiency. The figure they obtained for 
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the correlation between gain and efficiency was -.73. Lush 
(1936) had earlier reported a correlation of -.68 from the 
Danish testing work, using averages of four litter mates. 
Other correlations, between group or litter average 
daily gain and feed efficiency, have been reported by Stothart 
(1938), -.44, and Fredeen (1953), -.51. Crampton (1940) found 
a correlation of .49 between daily gain and daily feed, indi­
cating that while faster gaining hogs tended to eat more feed 
in order to do so, other factors contributed to the rate of 
growth, since the correlation was far below 1.0. Cobb (1952) 
and Anderson (1954) correlated litter average feed efficiency 
and 154-day weight, their results being -.37 and -.43 re­
spectively. Using some of the same data as the present study, 
Munson (1957) found the correlation within breed and season 
between individual daily gain and the average efficiency of 
a pen to be -.21. 
All of the correlations cited are negative, indicating 
that faster gaining hogs tend to require less feed per pound 
of gain. All, however, contain an unknown amount of automatic 
negativity, any error in recording the feed adding to this 
automaticity. Therefore the true biological relationship be­
tween daily gain and amount of feed eaten per pound of gain 
is almost certainly less negative than is indicated by most 
of the correlations presented, since at least some of the auto­
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matic negativity is due to error. 
In measuring the relationship between feed efficiency 
and backfat thickness there is no automatic element. There 
is, however, still a lack of data on individual feed records, 
so that most of the correlations published are between aver­
age feed conversion rate and average backfat thickness of a 
pen, or between average feed conversion rate of the pen and 
individual backfat measurements. Again Jonsson (1957) used 
individual records to obtain correlations of .32 for barrows 
and .19 for gilts. Only Munson (1957) using test-pen aver­
ages for efficiency and individual backfat probes has ob­
tained a higher correlation than this, his result being .33. 
Other positive correlations between depth of backfat and feed 
efficiency have been reported by Lush (1936), .09, and 
Dickerson (1947), .12, both based on group averages. Dicker-
son, however, concluded that sires transmitting genes for 
depth of backfat also transmitted genes for economical con­
version of feed into liveweight. Negative phenotypic correla­
tions between pen averages of these two traits have been re­
ported by Cobb (1952), -.08, Fredeen (1953), -.02, and by 
Anderson (1954), -.14. All of these are weakly negative. 
G. Genetic Correlations 
Fewer estimates of genetic correlations are available. 
Hazel (1943) introduced the method to animal breeding but, 
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because of the need for a large volume of data on related 
animals, comparatively few estimates have yet been made. 
Between daily gain and backfat thickness, the genetic 
correlations have tended to be smaller than corresponding es­
timates of the phenotypic parameters. Blunn and Baker (1947) 
estimated the correlation to be -.04, Anderson (1954) ob­
tained .02, while Jonsson (1957) found a figure of -.19 for 
barrows and .09 for gilts using a large volume of data which, 
however, contained effects of any differences between breed­
ing centers. 
Only Dickerson (1947), using 746 animals, has obtained a 
high genetic correlation between the two traits. He found 
1.34 between daily gain and backfat thickness but so high a 
figure is possible only because of the sampling errors in­
volved in the component method of calculation. Using lôO-day 
weight and backfat thickness he obtained a correlation of .88. 
Fredeen (1953) used a much larger volume of data to obtain 
correlations of .13, -.05 and -.01 between age at 200 pounds 
and the backfat measurements at the shoulder, mid-back and 
loin respectively. In Fredeen's analysis the slower gaining 
pigs were actually genetically fatter over the shoulder. The 
correlations obtained by Fredeen would also contain the ef­
fects of any differences between farms since, like Jonsson's, 
his data were taken on pigs which came from many farms. 
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Apart from Dickerson*s result, the evidence does not 
seem to indicate high genetic relationship between rate of 
gain and backfat thickness. On the other hand the estimates 
reported between feed efficiency and daily gain, four in 
number, all agree that the genetic relationship between them 
is highly negative» The highest estimates are presented by 
Jonsson (1957) who calculated -.91 for barrows and -.85 for 
gilts using individual feeding records. Dickerson and Grimes 
(1947) likewise used individual records and reported - . 7 8 ,  
while Anderson estimated -1.70 from group records on feed ef­
ficiency, using the component method of computation. Fredeen 
(1953) found a positive correlation between age at 200 pounds 
and feed efficiency, so that the fast gainers were genetically 
more efficient. 
The same agreement among those authors is not seen for 
the genetic relationship between efficiency of feed conversion 
and backfat thickness. Dickerson (1947) found it highly nega­
tive, -.58, while Anderson (1954) found -.15, both of which 
seem to contradict the fact that the amount of energy required 
to deposit a pound of fat is so much larger than is required 
for a pound of non-fat live weight. Jonsson (1957), on the 
other hand, found correlations of .25 for barrows and .02 for 
gilts. Fredeenfs (1953) estimates were near zero, being .03, 
-.01 and .00 between feed efficiency and the respective back­
fat measurements at the shoulder, mid-back and the loin. 
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H. Héritabillties 
Rate of gain is measured and has been studied and re­
ported in several different ways, e.g. lÔO-day weight, age 
at 200 pounds, and daily gain over a given period. All three 
are highly correlated but they are not quite identical. In 
this study the last named is of most interest. Several esti­
mates of heritability of daily gain have been reported. In 
general the differences have been about one-fourth heritable. 
Lush (1936) obtained a value of exactly .25, Johansson and 
Kortanan ( 1950) estimated .26, while Blunn and Baker (1947) 
calculated .18 for heritability of the trait. Dickerson and 
Grimes (1947) found a higher value of .43, and Jonsson (1957) 
obtained the highest values of all for combined data from 
barrows and gilts. Using a paternal half sib correlation he 
found .78 and, using twice the sum of the sire and dam com­
ponents as the genetic variance, he found .68. Jonsson's 
estimates and those of Johansson and Korkman probably contain 
differences between breeding centers. 
The published results point to one-half as being the 
approximate value (in round numbers) for the heritability of 
differences in backfat thickness. Lush (1936) found a value 
of .44 from the Danish testing work, and from the same source 
Jonsson (1957) calculated .63 and .73 using the two methods 
of calculation previously outlined. From the Swedish testing 
results Johansson and Korkman (1950) obtained a value of .52. 
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Dickers on (194-7) calculated .54; a lower value of .12 was ob­
tained by Blunn and Baker (1947). Fredeen (1953) estimated 
.38. Three values of .37, .53, and .40 were found by Anderson 
(1954). Anderson's values were obtained by paternal half sib 
correlation, by a combination of sire and dam components, and 
by paternal half sib correlation corrected for inbreeding, re­
spectively. 
Anderson (1954) used the methods just described to esti­
mate values of .24, .36, and .25 for the heritability of ef­
ficiency of feed conversion. These values agree fairly well 
with the others published. Dickerson and Grimes (1947), using 
individual feed records, calculated heritability by the re­
gression of offspring on the mid-parent and obtained a value 
of .26. Over two different periods of the pig's life Johansson 
and Korkman (1950) found values of .23 and .12 while Fredeen 
(1953), borrowing the intra-litter variance calculated by 
Dickerson and Grimes (1947), obtained a value of .30. Higher 
heritability estimates were obtained by Dickerson (1947) and 
Jonsson (1957); Dickerson calculated .57, while Jonsson found 
.78 and .70 using the paternal half sib and the combination 
of sire and dam components methods of computation. These 
last values are out of line with all the other available esti­
mates which indicate one-fourth as being an approximate value. 
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Few estimates of the heritability of percent lean cuts 
seem to be available. Dickerson (1947) obtained a value of 
.29, using data from the Iowa station. Anderson (1954) found 
the heritability to be .15, after correcting for inbreeding 
his original estimate of .14 calculated from the paternal 
half sib correlation. By using the combination of sire and 
dam components of variance he calculated a heritability of 
.76, a value much higher than the others available. Fredeen 
(1953) reported heritabilities of .66 for loin area, .51 for 
percent ham and .38 for percent shoulder. 
I. Selection Indexes 
Discriminant functions for use in plant selection were 
first proposed by Fairfield Smith (1936). Working independent­
ly Hazel (1943) derived a selection index for use in swine se­
lection, involving the genetic relationships among the traits 
considered, and utilizing information on relatives. Since 
that time studies have been made on poultry, sheep, beef and 
dairy cattle. 
Morley (1950) presented formulae to measure the progress 
in each trait per standard deviation of the index and applied 
his results to data from Australian sheep breeding work, to 
obtain an index suitable for Australian conditions. Likewise 
Rae (1950) studied data from New Zealand sheep breeding, and 
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derived an index for selecting sheep there. Rae also de­
veloped a formula for measuring the variance of a genetic 
correlation. 
A further formula for the variance of a genetic correla­
tion was given by Ercanbrack (1954) in his study on indexes 
for application to western sheep breeding conditions in the 
United States. 
legates (1953) used a large volume of data to calculate 
an index for dairy cattle, and Lindholm and Stonaker (1957) 
have presented several indexes for use in selecting beef 
cattle. 
Cochran (1951) gave a general review of the statistics 
employed in the theory of selection and indicated the areas 
where further work was required. 
J. Testing Stations 
Lush (1936) presented a full description of the Danish 
testing methods and results. Over the period 1907-1935 the 
Danes were able to change considerably various traits of 
their pigs, such as rate of gain and economy of gain, besides 
carcass characteristics. Length of body was increased, thick­
ness of backfat decreased, with little change in yield of ex­
port bacon. Reports of the work and results are published 
yearly in Danish, with an English summary. The most recent 
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of these ( Clausen and Njdrtoft Thorns en, 1957) gives in graph­
ic form the trends for the period 1907-1956. Recent modifi­
cations of the Danish testing techniques and objectives are 
described in English by Jonsson (1957)• 
In reporting the results of Canadian testing work, 
Fredeen (1953) found that no material change had occurred in 
the mean of any of the important traits during twenty years, 
despite the fact that high heritabilities and favorable gene­
tic correlations were indicated by his calculations. 
Johansson and Korkman (1950) found that pigs in the 
Swedish testing stations showed a slight decline in length of 
carcass from 1929 to 1942. Backfat thickness decreased 
steadily, daily gain increased, but the "production value 
index", after an initial four year period of increase, lev­
elled off for the remaining years. 
Peterson (1938) described the early setting up of the 
test procedure in Canada, the changes in technique, and the 
shift from farm to station testing. Knox (1938) described 
the principles of operation of the stations and the methods 
of feeding employed. He pointed out that the aims were not 
to condemn breeding stock which did meet the required stand­
ards, but to show the breeder where his hogs were deficient. 
Culbertson et al. ( 1931) summarized the results of the 
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first 44 pens of pigs tested in the R.O.P. work in Iowa. 
The average daily gain was 1.38 pounds per day and the av­
erage efficiency was 3.98 pounds feed per pound of gain. 
Lush (1931) discussed the genetic aspects of the R.O.P. work. 
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III. NATURE AND SOURCE OF DATA 
The data were obtained from the testing station of the 
Iowa Swine Testing Association at Ames. They were the re­
sults of the first three seasons of operation. The first 
test was of pigs farrowed in the spring of 1956 and was con­
ducted primarily during May, June and July. The second and 
third tests were of pigs farrowed in the fall of 1956 and the 
spring of 1957, respectively, and were conducted at six month 
intervals, the winter test being in November, December and 
January. 
In the first two seasons entries of six pigs each were 
submitted by 51 breeders. Each entry consisted of four boars 
and two barrows from at least three litters by the same sire, 
and was housed in two pens with two boars and one barrow in 
each pen. In the third season the number of pigs per entry 
was reduced, on the decision of the Board of Directors, to 
three boars and one barrow from at least three litters by 
the same sire. Each entry was then housed in one pen, allow­
ing a total of 102 breeders to submit entries. The total 
number of pigs entered in the first three tests was thus 1016, 
comprising 204 boars and 102 barrows in each of the first two 
seasons, and 303 boars and 101 barrows in the third season, 
one pen being unfilled because a breeder defaulted. A few pigs 
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died or became so sick they had to be removed and did not 
complete the test. A few others were not used in the analy­
sis for sundry reasons such as incomplete pedigrees. A total 
of 672 boars and 265 barrows were actually used. In some 
parts of the study smaller numbers than these were analyzed; 
e.g. only 372 boars were involved in the restricted analysis 
carried out to estimate farm effects since only pigs from 
breeders who had entries in at least two seasons were used 
for that. The number of boars from each breed in each season 
is shown in Table 2. 
The traits studied were daily gain, efficiency of feed 
conversion, and backfat probe on both boars and barrows. The 
percentage of lean cuts of the barrows was also incorporated 
in a later section of the analysis. 
No pig was accepted for test which weighed more than 60 
pounds on arrival at the station, and breeders were urged to 
bring their pigs at weights of 30 to 40 pounds, so that they 
would be accustomed to the testing station before they were 
put on test. The test began when the average weight of the 
pigs in the pen was 60 pounds, and was continued until the 
average weight was close to 200 pounds, generally a little 
less. In these average weights as little variation has been 
allowed as is possible to achieve by weighing at two day in­
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tervals. Individual pigs, however, showed considerable vari­
ation in initial and final weights, especially in pens where 
the breeders submitted pigs of rather unequal weights, or 
where some pigs grew very fast while others in the same pen 
grew rather slowly. The average gain in weight of the pen 
was thus forced to be around 140 pounds, although within most 
pens the amount contributed to the average by the individual 
pigs varied considerably. 
Daily gain on individual pigs was the total weight gained 
on test, divided by the number of days on test. 
Efficiency of feed conversion was the total amount of 
feed consumed by the pen, divided by the total amount of 
weight gained by the pen over the whole test period. Indi­
vidual measurements of efficiency were not possible under the 
system of group feeding employed at the station. Therefore 
no measure of the intra-pen variation in efficiency of feed 
conversion was possible. A high figure denotes a low effi­
ciency and vice versa in the economic or practical sense of 
the word, "efficient". This is conventional but perhaps a 
little unfortunate in requiring an "inverse" interpretation 
at all times. 
Backfat probe was taken at weights of 185-210 pounds on 
all boars and on most of the barrows, by a single operator. 
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The probe was taken at three points on each side: over the 
shoulder 3 inches behind the elbow joint 1^ inches off mid­
line, in the mid-back over the last rib lg inches off the 
mid-line, and over the gluteus medius approximately 3 inches 
off the mid-line vertical to the stifle joint. The six read­
ings were summed and the sum adjusted to a live weight of 200 
pounds by correction factors developed by Durham and Zeller 
(1953) from the regression of backfat probe on live body 
weight. This corrected figure was then divided by 6 to give 
an average corrected probe which was used in computing the 
index. 
A possible source of error in all three measurements is 
the fact that "fill" cannot be standardized when the pigs are 
weighed. This could affect the daily gain by its influence 
on both initial weight and final weight if the bladder and 
digestive tract of the pig were empty at one weighing and 
rather full at the other. This in turn would affect the fig­
ure for feed efficiency where it is conceivable (though not 
highly probable) that two pigs equally efficient at converting 
feed into body tissue might be weighed initially with one full 
of feed and water and the other empty, and vice versa at the 
final weighing. The pig which was empty initially and full 
at the final weighing would be calculated to be considerably 
more efficient than the other pig, despite being actually 
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equal to it. In backfat probe the "fill" could influence the 
final weight, causing the wrong adjustment factor to be used 
in correcting the probe to the basis of a 200 pound pig. The 
use of shrunk body weight for at least the final weight is 
advocated by some. In the United States it is generally held 
that pigs should be shut away from feed and possibly from 
water for a period before final weighing, although this seems 
to be more a consensus about what seems "reasonable" rather 
than on the results of experiments designed explicitly to 
yield information on this. Danish workers disagree with this 
view. In their work, pigs are fed as usual in the morning of 
the day of slaughter. They maintain that more accurate re­
sults are thereby obtained. 
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IV". METHODS OF ANALYSIS 
A. Index Construction 
The aggregate genotype of an individual may be expressed 
as H zZa^Gi where the G-. are the genotypes of the individual 
i 1 
for the traits being considered and the a^ are the relative 
economic values* The cannot be observed in practice, 
though the corresponding phenotypes, may be measured. 
The selection index I is a function of these phenotypesS^b^X^ 
where the b^ are chosen such that the correlation between 
the index and the aggregate genotype, Rjg, is maximized over 
the population for which the index is to be used. By differ­
entiating the quantity 2(H1 - I.)2 with respect to each b*, j J J 
a set of simultaneous equations is obtained: 
b^ 4" bg Cov X-^Xg — — — — — — bn Cov X^X^ — Cov X^H 
b^ Cov XjjX^+bg Cov X^Xg — — — — b^ — Oov X^H 
On solution these afford the values of the b^ which 
maximize R-jh* It is readily seen that the solution of these 
equations requires estimates of the phenotypic variances and 
covariances of the traits involved in the index, and of the 
covariance of the X^ with H. This latter involves the relative 
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economic values and the genetic variances and covariances 
thus: 
Cov(X^H) — Cov Xj^(^p a^G^) — .2 a^ Cov X^.G^ — JS a^ Cov 
since X^ s G^+ ek and the G^ and the e^ are uncorrelated. In 
turn, 
Cov GiGj = r&i^  
Cov XiXj = rx.Zj. (JXi 6X^  
5\ °\ h\ 
Thus the problem develops into one of getting the most re­
liable estimates possible of the phenotypic and genetic vari­
ances, phenotypic and genetic covariances, and the economic 
values of the traits involved in the index. 
B. Variance Analyses 
The principal method of analysis employed was that of 
least squares. The theory and mechanics of least squares and 
the calculation of components of variance have been presented 
frequently elsewhere, e.g. recently Kempthorne (1952). Yates 
(1934) first described the analysis of non-orthogonal data, 
and the application of this to animal breeding has been dis­
cussed by Hazel (1946), Henderson (1948), Koch (1950), to 
mention only a few. Consequently a detailed discussion of 
the more generally understood aspects of least squares will 
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not be given. More recently, Henderson (1953) discussed 
three methods of computing unbiased estimates of components 
of variance and covariance, the second of which was used for 
the "restricted" analysis in this study. 
1. Complete analysis 
In the preliminary analysis, involving all the 672 boars 
available, the model used was: 
Yijklm •/*+-ai+ bij * ^ijk^^ijkl + eijklm U) 
where Y. ^ m^ is the observation on the m*11 pig by the l^b dam 
and ktlx sire of the j^h breed born in the i^b season, ji is 
the mean of the population over all pigs by all sires and 
dams of all breeds in all seasons. Since all breeds were 
represented in all seasons the model should have allowed for 
a separate breed effect, bj, and an interaction between breed 
and season, (ab)^j. However, on analysis this interaction 
proved to be very small for all traits considered, and it was 
decided to analyze breeds within season, bjj, and so render 
the model completely hierarchical. 
While the desirability of taking into consideration all 
identifiable environmental sources of variation is recognized, 
the only environmental factor actually considered is season. 
This is perhaps justified on the grounds that environmental 
conditions prevailing at the testing station were thought to 
be uniform over all pens in a given season. All pigs were 
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approximately the same age and weight at the beginning of the 
test period. The method of ending the test period when the 
average weight of all pigs in the pen was 200 pounds, intro­
duced some variation in weight and age at the end of the test 
period. This was not, however, considered serious enough to 
influence strongly such traits as rate of gain over the whole 
period or efficiency of feed conversion over the whole period. 
Backfat probe was, in fact, adjusted to a 200 pound live hog 
basis. 
Age of dam was not considered in the model. This would 
affect, more than say backfat thickness, traits such as lit­
ter size, and perhaps indirectly, rate of gain from 60 pounds 
to 200 pounds. The number weaned in the litter from which 
the boars came varied considerably, ranging from four to as 
many as sixteen, a factor which might affect subsequent growth 
rate but which was not considered in the model. 
The most significant amission from the model given by 
equation (1) seems to be the effect of farms. Each entry from 
a farm in a given season consisted of pigs by the same sire. 
Therefore effects of farm and of sire in a given season are 
completely confounded, and in equation (1) the variance com­
ponent obtained for sires contains all of the effects of 
farms» Figure 1 pictures in terms of path coefficients the 
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Figure 1. Path coefficient diagram illustrating the effects 
contributing to correlation between pigs in an 
entry to the testing station 
pertinent relationships, both environmental and genetic. Dif 
ferences between sires in equation (1) would thus comprise 
not only the true genetic differences between sires, but also 
genetic differences between groups of dams on different farms 
besides all of the effects of environment peculiar to the in­
dividual farms. In terms of Figure 1 this consists of 
g2 (l+2m + c) + f2. In general m will be zero, but c. will be 
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approximately .2. A value for this was not obtained, but 
Johansson and Korkman (1950) found it to be .225. In view of 
the effects contributing to the size of the "sire" component, 
this was re-named the "entry" component, to avoid confusion 
with a true sire component which contains only genetic differ­
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ences between sires. 
2. Restricted analysis 
Some measure of the size of these effects of farms could 
be had by selecting for further analysis those farms from 
which pigs had been sent to the station in at least two of 
the three seasons. In this way pigs by different sires from 
the same farm could be compared. Such a comparison still , 
does not give a completely valid estimate of genetic differ­
ences between sires. Some degree of relationship would gen­
erally exist between the dams used in consecutive seasons, 
and between the dams of one season and the sire of the pre­
vious season. In this case, the effects of seasons are com­
pletely confounded with the effects of sires. Equation (2) 
shows the model used for this analysis: 
Yijklmn - J1 i'ai',-bj + sijkl * dijklm + eijklmn ^ 
where yiju^n is the observation on the n*11 pig by the mttL 
dam and l**1 sire on the k**1 farm of the breed, tested in 
the jL^h season. Seasons were regarded as fixed and, using 
the second method outlined by Henderson (1953), least squares 
estimates of the constants for seasons were obtained. The 
model was 
yik = F + aii' fik (3) 
41 
since farms constituted the least subclass which was crossed 
with seasons. The lower subclasses in equation (2) were 
nested within farm and season and were therefore not consid­
ered in the fitting of the constants. The observations were 
then corrected for season, and analyzed according to the 
model given in equation (4), which is simply equation (2) 
with the effects of seasons removed: 
yjBj=n = /*VfJI^Jcl+^ U»*Vtan (4) 
Figure 2 shows in terms of paths the pertinent relation­
ships, genetic and environmental, involved in this restricted 
analysis. The component for sires, now computed within farms, 
still contains g2 (l+2m+c) while the component for farms 
T 
contains g2(j+k + 1 + s) + f2. Seldom would j rise above zero, 
4 
but JL and k will generally be real since they will include 
parent-offspring pairs. The effect of f2 would in general be 
expected to be real and large. Since there were generally 
two, and at most three sires from a farm, the genetic merit 
of the different groups of sires is unlikely to be exactly 
equal. Differences between farms as reflected by the compo­
nent of variance for farms could contain some genetic dif­
ferences (in addition to those already discussed between the 
groups of dams on the different farms given by the path 1 in 
Figure 2). These are described in Figure 2 by the path _s, 
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Figure 2. Path coefficient diagram illustrating the effects 
contributing to the correlation between pigs in 
two entries to the testing station from the same 
farm 
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and would depend mainly on divergence of ideals among breed­
ers. If breeders tend to select the same type of herd sire 
each season the correlation thus introduced between sires 
from a farm could increase differences between farms and de­
crease differences between sires within farms. On the other 
hand, m and £ in Figure 2 would tend to increase the sire 
component within farms; m would generally be zero, with c_ 
having a value of approximately 0.2. At the same time £ 
would correspondingly decrease the component for dams. 
3. Parameters involving efficiency of feed conversion 
For the analyses of variance and covariance involving 
the trait efficiency of feed conversion, a new approach had 
to be devised. The efficiency of feed conversion was meas­
ured as the total feed eaten by the pen of pigs divided by 
the total gain made by the pen over the test period, so that 
no measure of individual performance for the trait was pos­
sible. Furthermore, in seasons one and two, the two pens 
containing the entry from a farm by a single sire consisted 
of random combinations of full sibs and half sibs both be­
tween and within pens. Consequently the variance between 
pens consisted of a combination of full sib and half sib dif­
ferences, and afforded no measure of differences between dams, 
unlike the Danish and Canadian testing systems and the experi­
ment reported by Dickerson (1947). An estimate of the sire 
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component is afforded, however, by assuming that the coef­
ficient of the pen component is the same in the mean square 
for pens as it is in the mean square for sires and that the 
same combination of full sib and half sib differences fea­
tures in both mean squares. This is likely to be very nearly 
true (the coefficients were 2.979 and 2.978 respectively), 
and the sire component is then estimated by 1 (Mean Square 
for Sires - Mean Square for Pens within Sires). This was not 
possible in the third season since an entry was housed in one 
pen only. 
The model used to describe this section of the analysis, 
the estimation of the genetic correlations between efficiency 
and gain and between efficiency and probe, is given by: 
yijklm ai+ bjj 4- Sijk+9ijkl + ®ijklm (5) 
where yjis the observation on the mth pig in the l**1 pen 
by the ktb sire of the breed in the _ith season. For ef­
ficiency only the average of the pen was available, but the 
data for rate of gain and probe were analyzed using this model 
as well as model (1), and the size of the "entry" components 
for each trait obtained by model (1) and model (5) were com­
pared. It is tentatively assumed that consistency of the two 
estimates of the "entry" component for gain and for probe in­
dicates that model (5) describes reasonably well the biologi-
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cal situation. It is further assumed that the estimates of 
the entry components of variance and covariance involving 
efficiency are comparable to those which would have been ob­
tained had measurements on individuals been available and 
analysis made of differences between progeny from the same 
dam and between progeny from different dams by the same sire. 
C. Phenotypic Parameters 
Product-moment phenotypic correlations were computed 
from the analyses of variance and covariance. Of primary 
concern were those computed on an intra-breed basis but for 
interest they were also calculated between the various pairs 
of traits on an intra-season basis. Again the measurement of 
efficiency on a pen-average basis made several methods of 
computing the correlations involving this trait possible, e.g. 
the intra-breed correlations between pen averages, and the 
correlation between the individual gains or probes and the 
average efficiency of the pen. This latter is the correlation 
required for constructing an index for the testing station, 
since the figure actually used for a pig's efficiency is the 
average efficiency of the pen in which he was fed. 
Phenotypic variances and covariances were calculated on 
an intra-breed basis. 
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D. Genetic Parameters 
The arrangement of the results in the form of analy­
sis of variance table is illustrated in Table 1. The k val­
ues, the coefficients of the components of variance, are 
computed from the expected sums of squares, as was described 
in detail by Fredeen (1952). 
Under the assumptions of random mating and no environ­
mental contributions to the likeness between full sibs and 
half sibs (these assumptions are not at all valid in the pres­
ent analysis; the qualifications are introduced in the Dis­
cussion, section V, B,. 1) the composition of (fjj and ff2 
would be as follows : 
(J2 = 1/4 +- 21{ l/4)r 
s ^ r?l 
6i = 1/4 ffg+1/4 +1^ 2 (1/2)' (1/4)5 
-Zl(l/4)r (?2r] 1 
r>l A J 
<J2 = C^ +l/2 (T2 +3/4 C2+remainder of C2, 
e G " I 
where CQ. is the additively genetic variance, tf2 is the var­
iance due to dominance deviations, and O2 is the total vari-
p 
ance due to epistatic effects. (5* r is the "additive x addi-
3-Derived from the difference between Cov. Full-sibs and 
Cov. Half-sibs, <f| contains, of the epistatic variance, thus 
3/16 + <T2AD*7/64 Cf2AA
-
AtV64 (^ 000+1/32 C^ ADD , 
where is additive x additive variance, is additive x 
dominance etc. For complete details of this, see Kempthorne 
(1957). 
Table 1, Arrangement of results in form, of an analysis of variance 
Source of variation DF Expected mean squares 
Between seasons d-1 0 e+k^C^d+kgCT s+k^C^tH-k^C^a 
2 2 2 2 
Between breeds/seasons -2*(b^-l) 0 @+k^(T d+k^Cf s+k^O" b 
. . _ 2 2 2 
Between sires/breeds/seasons Z* (s.,-1) 0 etk9C d-hk-0* s ij KJ d ? 
2 2 
Between dams/sires/breeds/seasons -S (d. -1) C e+k (T d ijk iJK 1 
2 
Between s ibs/ dams/sires/breeds/seasons ZL (n4.,_,-l) CT @ 
ijkl 13K1 
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tive" etc. portion of the epistatic variance contained in 
the sire component, G^r^s *s *he epistatic variance con­
tained in the component for dams (including some "additive x 
dominance" and dominance x dominance as well as "additive x 
additive" interactions), and (fi is the environmental con­
tribution to the variation, r and s. are the number of loci 
contributing to the additive and dominance interactions 
respectively. 
Thus it is seen that something more than "heritability 
in the narrow sense" (Lush 1940) would be estimated by 
4 <?§ 
while the quantity 
02+ (j2+ C& 
s d e 
would give an estimate of heritability somewhere between the 
"narrow sense" and the "broad sense" provided that 0^ and 
<?d contained only genetic differences. Correlations and 
effects such as those discussed in relation to Figure 2 will 
certainly distort these estimates. This will be treated in 
Section V. 
Hazel et al. (1943) devised a means of calculating genet­
ic correlations from expected mean products obtained from a 
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oovariance analysis in exactly the same way as expected mean 
squares are in analyses of variance. Thus: 
- e 
6313 g 
•V % 
where is the sire component of oovariance for traits _i 
and 3 and (J2C . and . are the corresponding components of 
— si s j 
variance. This estimate of the component of oovariance is 
valid only when it contains nothing but genetic variation. 
It should be emphasized that environment can (and very fre­
quently does unless it has been randomized over all progeny) 
influence the oovariance of two traits. This method of com­
puting a " 'sire' component of variance" does not remove any 
of the environmental effects which offspring of one sire have 
in common but which differ from sire to sire, any more than 
does the method of computing sire components of variance. The 
only difference is that environment can bias the oovariance 
component either upwards or downwards whereas it would (under 
normal circumstances) only add to the size of the variance 
component. 
# 
The genetic correlation between daily gain and efficiency 
computed in this way would seem also to contain most or all 
of the automatic negativity involved in the corresponding 
phenotypic correlation. Some of this automaticity may be sub­
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tracted out in the component for dams. However, the auto­
matic negativity from errors of weighing, recording the feed 
etc. in the genetic correlation can be avoided by computing 
the correlations in the alternative way, using pairs of rela­
tives, 
efficiency of the related animal j contains no automaticity 
which it co-varies in the numerator of the above expression. 
Feed efficiency is defined in such a way, however, that 
it seems there must almost necessarily be a negative relation 
between this trait and rate of gain. This method was used 
in computing the genetic correlations involving the lean cuts 
of the barrows. 
The oovariance between X^  - daily gain of animal i, and Yj 
from errors, since X^ is not the denominator of the Y. with 
51 
V. RESULTS AND DISCUSSION 
A. Breed-Season Averages 
Table 2 shows the means for the three performance traits 
and for the index, classified by breed, by season, and by 
breed within season. 
Over the three seasons the rate of gain and efficiency 
of feed conversion did not change much. The higher rate of 
gain and less efficient conversion of feed in the second 
season may have been due to the fact that these pigs were 
tested through the cold months of November, December and Jan­
uary, and would require more feed for heat production, but 
would not be hampered in growth rate by the excessive heat 
which the pigs in the first and third seasons had to endure 
in the months of June, July and August. 
Backfat probe shows a downward trend over the seasons, 
the change being shown consistently by all breeds except the 
Tamworth. This seems to indicate that breeders have endeav­
ored to send leaner pigs to the station. While this im­
provement is probably partly genetic, it could hardly be due 
to the impact of the testing station as a means of decreas­
ing the backfat thickness of the population, but seems more 
likely to reflect more intense selection by the breeders for 
the pigs they sent in the second and third seasons. The in­
crease in the average index over the seasons is largely a 
Table 2. Means for performance traits by breeds and seasons 
Rate of gain 
Breed NÔI 1956 Spring Ncû 1956 Fall No. 1957 Spring No% Breed mean 
over seasons 
Berk. 12 1.75 8 1.78 12 1.72 32 1.74 
Chester 16 1.72 20 1.82 9 1.76 45 1.77 
Dur oo 44 1.95 52 2.00 61 1.84 157 1.93 
Hamp, 28 1.95 40 2.06 1.84 131 1.93 
Landraoe 12 1.97 20 2.06 38 1.87 70 1.94 
Poland 36 1.85 28 1.90 47 1.76 111 1.82 
Spot. Pol . 8 1.86 10 2.06 27 1.89 45 1.92 
Tamworth 10 1.93 8 1.82 3 1.76 21 1.86 
York 20 1.90 16 1.88 24 1.78 60 1.85 
Season over 
breeds 186 1.89 202 1.9& 284 1.82 672 1.88 
Efficiency 
Berk. 12 2.88 8 3.20 12 2.97 32 2.99 
Chester 16 3.09 20 3.14 9 2.98 45 3.09 
Duroo 44 2.85 52 3.01 6l 2.92 157 2.93 
Hamp. 28 2.91 40 2.94 63 2.97 131 2.95 
Landraoe 12 2.78 20 2.99 38 2.90 70 2.91 
Poland 36 2.92 28 3.07 47 2.99 111 2.99 
Spot. Pol .. 8 3.02 10 2.96 27 2.89 45 2.93 
Tamworth 10 3.03 8 3.23 3 3.19 21 3.13 
York 20 2.77 16 3.01 24 2.76 60 2.83 
Season over 
breeds 186 2.90 202 3.03 284 2.93 672 2.95 
Table 2. (continued) 
Probe 
Breed No. 1956 Spring No. 1956 Fall NÔT 1937 Spring No. Breed mean 
over seasons 
Berk. 12 1.31 8 1.21 12 1.19 32 1.24 
Chester 16 1.80 20 1.46 9 1.51 45 1.59 
Duroc 44 1.30 32 1.36 • 61 1.36 157 1.40 
Hamp. 28 1.43 40 1.28 1.22 131 1.29 
Landraoe 12 1.23 20 1.18 38 1.21 70 1.21 
Poland 36 1.38 28 1.29 47 1.20 111 1.28 
Spot.Pol. 8 1.57 10 1.29 27 1.26 45 1.32 
Tamworth 10 1.64 8 1.38 3 1.38 21 1.53 
York. 20 1.30 16 1.27 24 1.07 60 1.20 
Season over 
breeds 186 1.46 202 1.31 ? 284 1.25 672 1.32 
Index 
Berk. 12 107.7 8 103.4 12 111.9 32 108.2 
Chester 16 61.6 20 89.0 9 89.2 45 79.3 
Duroc 44 101.9 32 .108.4 61 105.5 157 103.4 
Hamp. 28 102.7 40 118.3 113.9 131 112.9 
Landraoe 12 123.7 20 124.2 38 118.6 70 121.1 
Poland 36 104.0 28 107.1 47 112.1 111 108.2 
Spot.Pol. 8 86.3 10 117.1 27 115.5 45 110.7 
Tamworth 10 83.5 8 91.1 3 75.7 21 85.3 
York. 20 118.0 16 109.8 24 131.8 60 121.3 
Season over 
108.3 breeds 186 100.8 202 109.3 284 112.8 672 
Table 2. (continued) 
Lean cuts percentage of barrows 
Breed No. 1956 Spring No. 1956 Fall No. 1957 Spring No. Breed mean 
over seasons 
Berk. 6 49.7 4 49.5 3 51.3 13 49.9 
Chester 8 45.1 10 47.8 1 48.5 19 46.7 
Duroc 22 47.5 26 49.1 18 49.1 66 48.6 
Hamp. 14 49.5 20 51.9 14 50.6 48 50.8 
Landraoe 6 50.5 10 49.8 12 50.1 28 50.0 
Poland 18 50.2 14 50.8 11 51.8 43 50.8 
Spot.Pol. 4 48.3 4 49.7 7 50.3 15 50.0 
Tamworth 4 46.9 4 47.8 1 43.5 9 46.9 
York. 10 49.0 8 49.4 6 52.2 24 49.9 
Season over 
265 breeds 92 48.6 100 49.8 73 50.4 49.6 
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reflection of the decrease in backfat probe, since probe 
is weighted heavily in the index. 
The breeds which have probed leanest and indexed high­
est are the Yorkshire and the Landraoe. In the first season 
the Landraoe probed leanest, but by the third season the 
Yorkshire held this distinction, with the Berkshire, Hamp­
shire, Landraoe, Poland China, and Spotted Poland China 
showing very nearly the same thickness of backfat. Consid­
erable improvement was shown over the seasons by the Spot­
ted Poland, particularly in probe. Their average index was 
almost thirty points higher in the last than in the first 
season. 
The Berkshire and Chester White showed the lowest rates 
of gain, but all breeds performed well in this respect. The 
Tamworth was the least efficient of all breeds, and the 
small sample from this breed had the next to the lowest av­
erage index and, with the Chester White, showed generally 
the poorest performances of all breeds. 
The average percentage of lean cuts of the barrows 
showed definite increases over the seasons. Some breeds 
showed marked improvement, e.g. the Yorkshire, though in 
some cases the number represented from a breed is rather 
small. The breeds showing the highest percentages of lean 
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cuts over all three seasons were the Poland China and the 
Hampshire, followed by the Landraoe, Spotted Poland, York­
shire and Berkshire breeds. 
B. Variance Analyses 
1. Complete analysis 
The mean squares and components of variance from the an­
alyses of variance of the three performance traits and the in­
dex are presented in Table 3. All 6?2 boars are represented 
in this section. 
As expected from examining the means in Table 2, season 
differences and breed differences are highly significant. Es­
pecially in the case of backfat probe, breed differences are 
large, relative to the interaction between breed and season. 
For all three traits the interaction between breed and season 
was small and statistically non-significant, indicating that 
over the three seasons each breed performed similarly, rela­
tive to the other breeds ; i.e. all breeds moved up or down in 
similar fashion in level of performance. 
Of more Immediate concern, however, is the intra-breed 
performance and the size of the components of variance. Dif­
ferences "between sires" (which included differences between 
farms) could not be tested for efficiency of feed conversion, 
but were highly significant for both gain and probe. Off-
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Table 3. Analysis of variance of three performance traits 
and the index 
Gain Efficiency 
MS F Comp. of MS F Comp. of 
Source DF variance variance 
Season 2 1.1990 7 M .0046 .0046 
** 
5.2 -
Breed/seas 24 .1512 .0038 .1685 — 
8 .3028 
** 
.3489 
** 
Breed 4.83 4.45 
Breed x 
1.98s season 16 .0664 1.13a .0783 
Sires/breed ** 
.0081 .0396 & season 167 .0589 1.93 -
Dams/sires/ 
l.o8a b/s 331 .0305 .0019 - -
Sibs/dams/ 
s/b/s 147 .0283 .0283 - -
Probe Index 
Season 2 2.5H7 7.90 .0095 8275.5 2.3a 15.6 
Breed/seas. 24 .3178 .0106 3542.6 124.4 
8 
** ** 
Breed ,9224 59.50 9373.9 14.9 
Breed x 
season 16 .0155 la 626.9 1.1® 
Sires/breed 
167 .0648 
** ** 
* season 2.55 .0108 574.4 3.7 119.2 
Dams/sires/ ** 
.0098 
** 
39.8 b/s 331 .0254 1.85 155.7 1.4 
Sibs/dams/ 
s/b/s 147 .0137 .0137 108.2 108.2 
*P <.05 
** <.01 
^Nonsignificant 
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Table 4. Coefficients of components in expected mean 
squares of Table 5 
C?d C?s O^b O^a 
Season 1 1.504 3.688 34.088 219.887 
Breed/season 1 1.494 3.630 24.648 
Sires/breed 1 1.419 3.437 
Dams/sire 1 1.192 
Sibs/dams 1 
spring of different dams but by the same sire performed rather 
uniformly in rate of gain, but not in depth of backfat probe. 
This is emphasized by the percentage of the intra-breed vari­
ance which is attributed to differences between dams. For 
gain this amounted to only 5 percent, with 21.1 percent due 
to sires and 73.9 percent due to intra-litter differences while 
for probe dams caused 28.6 percent of the variation with 31.5 
percent due to sires and only 39.9 percent caused by intra-
litter differences. The reason for such a small amount of 
variation among litter mates relative to that among litters 
for probe is not immediately obvious. 
The environmental contributions to these components lead 
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to modification of the expectations given in Section IV, 
thus : 
= 1 /4  <*2L(iA,r 
< - 1/4 1/4 (Ï/2)1 ( 1/4)3 
(l/4)r 62 
r>.i A 
* C2 
m 
= <5^4- 1/2 <T;+ 3/4 <^ + remainder of <5^ , 
where 0^, <5^, 0^, 0 r^, C^rDs> £> an(i £ are as previously 
defined (Section IV, D). 0^ is the variance due to dif­
ferences between farms, comprising f^+ g^ (2m + c) in terms 
9 ~T~ 
of Figure 1. v is the variance due to things which affect 
m 
the litter as a whole such as intra-uterine environment, pre-
weaning treatment and mothering effects and any other pre­
test environmental effects which were alike for the litter 
as a whole but differed from other litters on the same farm. 
Apparently in these data dominance and the effects con­
stituting <3^ are unimportant relative to the effects of farms 
m 
contained in the "entry" or "sire" component, especially for 
rate of gain, since C2 is four times as large as Ander-
s d 
son (1954) found exactly the reverse to be true for 154-day 
weight, his <5^ being four times as large as <5^, but his pigs 
all came from the same farm and hence contained none of <5*1. 
s f 
In these data c, (from Figure 1) will cause some reduction in 
éo 
2 2 
the estimate of (T, and this will automatically increase C_ CL / S 
as a result of the process of subtracting the mean square 
i for dams from that for sires in calculating (jf. The great­
est influence is expected from (Figure 1). This includes 
all environmental effects which differ from one farm to 
another (including the effects of any differences among the 
breeders in the standards they used when selecting their test 
pigs) and are all included in C^, but which do not affect 0^. 
The same conditions of estimation apply to backfat probe, but 
2 2 
for this trait 0" is only slightly larger than 0* , suggesting S Cl 
that farm effects are more nearly equal to the effects of 
dominance and litter environment. Anderson (1954) found for 
backfat thickness that was almost twice as large as 0"^. d s 
Fredeen (1952) estimated Olj to be 1.5 times as large as 
for age at 200 pounds liveweight, while for his backfat meas­
urements the estimate of (T2 and 0^ were approximately equal, 
s d 
which agrees with the present study. In the first two sea­
sons involved in the present study, full sibs and half sibs 
were assigned at random to the two pens for each entry and 
therefore pen effects do not contribute to (F^ but would in 
the third season be contained in when each entry was housed 
s 
in a single pen. However, subsequent analysis revealed that 
pen effects were very small. 
The oovariance analyses of gain with probe, gain with 
él 
pen-average efficiency and probe with pen-average efficiency 
are presented in Table 5« Without individual records for 
efficiency the components of oovariance involving this trait 
could not be computed in this analysis. Using the appropriate 
mean squares, products, and components as outlined in Section 
TV estimates of some phenotypic and genetic parameters were 
obtained, and are presented in Table é. 
The estimates of heritability of daily gain involving 
the "sire" or "entry" component (T^, which contains the ef­
fects of farms, are considerably higher than those reported 
in the literature. Most of these in the literature are be­
tween .18 and .43, with the exception of Jonsson*s estimates 
of .é8 and .78 (1957) for barrows and gilts combined (using 
The estimates for heritability of backfat probe are all 
unreasonably high, due to the size of the "entry" and dam 
components each of which is approximately .7 as large as the 
intra-litter component, giving a ratio much higher than has 
been found previously. It is not immediately obvious why the 
component for dams should be so large relative to that be­
tween litter mates. Litter environment seems unlikely to af­
fect backfat as much as it affects daily gain since the evi­
dence indicates that backfat thickness is more highly heritable 
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Table 5* Oovariance analyses of the three performance traits 
Gain x probe Gain x effic. Probe x effic. 
Mean Comp.of Mean prod. Mean prod. 
DF prod, covar. 
Seasons 2 .6067 .0031 .7587 -.5475 
Breeds/seas. 24 -.0407--.0026 -.0978 .1347 
Breeds 8 -.0900 
Breed x — — — 
seas. 16 -.0160 
Sires/breed 167 .0199 .0036 
Dams/sire 331 .0069 .0035 .0052 .0058 
Sibs/dam 147 .0028 .0028 
Table 6. Estimates of intra-breed intra-seàson genetic and 
phenotypic parameters for individual characteristics 
• < 2((f2 + 0j) 3 d < 
CJ2 
P 
02 
P 
Gain CO
 
V
l 
.52 .19 
Probe 1.26 1.14 1.20 
Phenotypic 
correlations 
Genetic 
correlations 
Gain x probe .27 .38 
Gain x av. eff. -.24 
Probe x av. eff. .29 
6) 
2 2 
than daily gain, yet, relative to 0^, <J^ is much larger for 
probe than for gain. If dominance were important and contrib-
2 
uting to <Tj then it should also magnify the intra-litter com­
ponent because the latter contains 3/4 of the dominance devi­
ations. Had groups of full sibs been fed in the same pen, it 
is conceivable that knowledge of the depth of probe for one 
pig could have influenced the technician (in perhaps a sub­
conscious desire for high repeatability, knowing that the ani­
mals were related) in measuring subsequently the probe of a 
full sib pen mate. This would have caused an underestimate of 
the variance among litter mates. Such a bias does not seem 
likely, however, since random combinations of full sibs and 
half sibs were allocated to the two pens for each entry in the 
first two seasons, while in the third season four pigs out of 
three dams were fed in each pen. If such a bias existed, it 
would have reduced the variation among litters as well as that 
within litters. The estimate of the sire component could 
easily be too large because of a slight diversity of ideals 
among breeders within breeds. This makes it strongly desir­
able to get some idea of how large these differences between 
breeders are in fact, and to get an estimate of the differences 
between offspring by different sires on the same farm. A 
later section ( 7, B, 2) shows the results of such an analysis. 
While farm effects would tend to cause an overestimate of 
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the sire components of variance used in calculating genetic 
correlations, the effect on the oovariance between traits 
would depend not only on the direction and intensity of selec­
tion practiced for the traits by the various breeders in their 
regular breeding policies and in their standards for select­
ing test pigs, but also on all of the other environmental fac­
tors which might influence both traits simultaneously in the 
same or in opposite directions. Again, some breeders might 
possibly hold back their pigs so that they are underweight 
and over-age when they arrive at the testing station, be­
lieving that their pigs will be prepared to gain rapidly 
•while being less fat than average. Others may crowd their 
pigs before sending them to the station in the belief that 
the advantages of the pigs being heavy and fast gaining at 
the start of the test period will never be lost. These prac­
tices would have less effect than might be intended, as a re­
sult of the pre-test period of acclimation to the station. 
Besides these possible differences in management policy for 
preparing pigs to be sent to the station, there are doubtless 
many other environmental factors which, with or without con­
scious effort on the part of the breeder, could affect the co­
variation of the various traits. Some of these might cancel 
or compensate for the effects of others. From these data it 
is of course impossible to measure either the size or direc­
tion of these effects but it is important to keep farm-to-
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farm differences in mind when considering the figure found 
for the genetic correlation between two traits. The net re­
sult of this is that while the variance components in the de­
nominator of a correlation will always be biased upwards by 
farm differences, in the numerator the estimate of the co-
variance could be biased by farm effects in either a positive 
or a negative direction. For this reason the farm differences 
would more often bias the estimates of genetic correlations 
toward smallness. The present estimate of .58 between probe 
and daily gain can be compared to previous estimates of the 
correlations between daily gain and backfat thickness. It is 
lower than the 1.34 found by Dickerson (1947) (greater than 
1.0 due to sampling error in the component method of compu­
tation) , higher than AndersonTs estimate of .02 in 1954, but 
opposite in sign to the -.04 obtained by Blunn and Baker 
(1947) and the -.19 obtained by Jonsson in 1957. The indi­
cations, apart from Jonsson's findings for Danish Landrace, 
are that some of the genes which make for rapid growth also 
make for fatness above average. 
The corresponding phenotypic correlation between gain 
and probe of .27 is about equal to the average of those pre­
viously reported for gain and backfat thickness e.g. .07 
(Lush 1936), .05 (Cobb 1952), .29 (Blunn and Baker 1947), 
.43 (Dickerson 1947). These show considerable variation but 
66 
agree that those pigs which show the fastest gains are also 
phenotypically the fattest. The negative estimates of -.22 
and -.09 reported from the Danish work by Jonsson (1957) are 
out of line with those previously published. 
The phenotypic correlations involving efficiency were 
computed using average efficiency of the pen. The results 
of -.24 for gain with efficiency and .29 for probe with effi­
ciency do not therefore reflect the same biological relation­
ships which apply to measurements on single pigs. Efficiency 
is daily feed divided by daily gain, so that the correlation 
between efficiency and gain is a correlation between a ratio 
and the denominator of the ratio. This fact introduces some 
automatic negativity into the correlation so that the base 
point at which there is really no biological relationship be­
tween two "characters" is not zero, as it normally is for 
correlations, but may be as high as -.63 (Behrens 1955). In 
this case, the figure of -.24 may be less negative than the 
automatic part, so indicating that the slower gaining pigs 
tend to be more efficient despite the greater maintenance 
requirements. This would be so if fast gaining pigs tended 
to eat more feed but allowed much of it to pass through the 
tract in relatively undigested state. Consideration of the 
energy content of weight gains supports this hypothesis. A 
gram of fat contains about 2.25 times as much energy as a 
gram of non-fatty dry matter. When considering that portion 
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of live-weight gain which is mainly water, the ratio between 
energy in a gram of fatty tissue and the energy in a gram of 
gain in non-fat live weight becomes much higher due to the 
fact that fat as it is laid on by an animal contains much 
less water than does protein. Thus the energy deposited in 
a pound of fat gain might be of the order of ten times the 
amount deposited in a pound of non-fat gain. Since this en­
ergy has to come from the feed eaten, fat pigs, which are al­
so the faster gainers, should tend to be less efficient at 
converting feed to liveweight gain. The increase in main­
tenance requirements because of the longer fattening period 
might offset most or all of this advantage of decreased en­
ergy requirement. However, those connected with the testing 
station are in fact inclined toward the belief that the slow 
gaining pigs which have been on test have on many occasions 
been much more efficient than the figures previously pub­
lished have indicated they should be. In recent years daily 
gains have been considerably higher than earlier in the cen­
tury. The relationship between daily gain and efficiency 
seems to be lower in this higher range of daily gain, pos­
sibly due to the fact that a smaller proportion of the feed 
is used for maintenance. This possibility is illustrated di-
agrammatically in Figure 3. The present result of - .24 is 
much lower than the estimates of -.69 (Lush 1936), -.13 
(Dickerson and Grimes 1947), -.54 (Sward 1924), -.51 (Fredeen 
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Figure 3. Possible relationship between daily gain and 
efficiency of feed conversion 
1953), -.44 (Stothart 1938), -.37 (Cobb 1952) and -.84 
(Jonsson 1957). Jonsson and Dickerson and Grimes used in­
dividual gains and efficiencies, while the others used pen 
averages for gain and efficiency, which may account in part 
for their higher correlations, since they had in their cor­
relations all of the automaticity of gain being the denomin­
ator of the efficiency with which it was correlated. Use of 
individual gains and the average efficiency for the pen may 
remove at least some of the automaticity, and also affects 
the correlation by an amount which depends on the intra-class 
correlation between the efficiencies of the pigs in the same 
pen, and the correlation between the gain of one pig and the 
efficiency of another in the same pen. 
Using the pen average affects the correlation between 
probe and efficiency in the same way as it does that between 
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gain and efficiency, but in this case the automatic element 
is not present. The result of .29, indicating that the 
fatter pigs required more feed per pound of gain, is higher 
than previous estimates (which involved carcass backfat 
thickness and not live probe), and opposite in sign to some. 
These were .09 (Lush 1936), .14 (Stothart 1938), .12 (Dicker-
son 1947), .08 (Cobb 1952), -.02 (Fredeen 1953), and -.14 
(Anderson 1954). For swine testing and the trend toward 
leaner pigs this is a good result, since leaner pigs will 
require less feed to reach market weight and the farmer will 
receive some recompense in that way regardless of price dif­
ferential for meaty pigs. The long term effect on hog pro­
duction, however, depends on the genetic relationships be­
tween the traits. 
2. Restricted analysis 
In order to estimate the size of farm effects and to 
estimate the parameters free from these effects, the re­
stricted analysis indicated in Section IT, B, 2 was carried 
out using records from 372 boars. 
Using the model given by equation (3), the normal equa­
tions were obtained. The equations for farms were absorbed 
into those for seasons and the constants for seasons obtained 
by solving the two remaining equations, after one season 
equation had been set equal to zero in order to render the 
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system soluble. These constants were 
Season 1 Season 2 Season 3 
Gain 0 071 — s 119 
Efficiency 0 131 077 
Probe 0 131 175 
The data were corrected with these constants to re­
move the effect of differences between seasons and were an­
alyzed according to the model of equation (4). The results 
are presented in Table 7» Differences between farms did not 
reach significance for either gain or probe, while differ­
ences between sires on the same farm were highly significant. 
The components of variance and oovariance were obtained 
according to the method described by Henderson (1953) which 
allowed for the change in expectation of the coefficient of 
2 
0*e in each case. The coefficients are presented in Table 8, 
where it is seen that the coefficient of CQ did not differ 
very much from unity in each case (which value it would have 
taken in the case of uncorrected data). 
The percentage of intra-breed variation due to each 
source is shown in Table 9# The intra-sire analysis is iden­
tical with the previous analysis of the whole volume of data 
except that smaller numbers are involved here. Comparison 
of the two analyses from Table 3 and Table 7 show the intra -
2 
Table 7. Mean squares and products, and components from the analyses of variance 
and oovariance of gain and probe (Data on a constant season basis) 
Gain Probe Gain x probe 
DF Mean sq. F Comp.var. Mean sq. F Comp.var. Mean prod, Comp.cov. 
Breeds 7 .1496 
* 
2.53 .0021 .4491 
** 
5.61 .0086 .04481 .00079 
Farms/breed 39 .0591 i V .0016 .0801 1.50® 
** 
2.29 
.0033 .01196 -.00186 
Sires/farm 57 .0710 
** 
2.23 .0105 .0533 .0078 .02578 .00502 
Dams/sire 174 .0319 1.32* .0050 .0233 
** 
1.83 .0079 .00713 .00350 
Sibs/dams 94 .0241 - .0257 .0127 - .0135 .00264 .00281 
*P < .05 
**P < .01 
Nonsignificant 
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Table 8. Coefficients of components in expected mean 
squares of Table 7 
< «5 «5 ** < 
Breeds 1.0066 1.538 3.627 8.257 42.844 
Farms/breed 1.0109 1.551 3.639 7.844 
Sires/farm 1.0351 1.478 3.527 
Dams/sire 1.0000 1.236 
Sibs/dams 0.9382 
Table 9. Percentage of intra-breed variation due to the 
various sources in Table 7 
Gain Probe 
Farms - 4.1 10.0 
Sires 26.5 24.1 
Dams 12.7 24.3 
Intra-litter 64.9 41.6 
litter components to be very similar, foe gain, .0283 vs. 
.0257, and for probe ,0137 vs..0135. The litter components 
(between dams) for probe are similar, .0098 vs. .0079, but for 
gain the second estimate, from the smaller sample of data, is 
2.5 times larger than the first, and, constituting 12.7 per-
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cent of the intra-breed variance, comes closer to the size 
found in previous work. 
The surprising result of this phase of the analysis was 
the seeming unimportance of farm effects. The constitution 
of the effects expected to contribute to the differences be­
tween farms has been discussed in Section IV, and again in 
the analysis of the whole volume of data (Section V, B, 1). 
In this case JL and k from Figure 2 will operate to increase 
the farm component and decrease the sire component (j being 
considered zero and £ zero or nearly so). o will operate to 
increase the sire component (probably more than JL and k will 
decrease it) and decrease the component for dams. Again f^ 
will increase the farm component. Contrary to expectation, 
however, farm effects are of little importance, especially in 
rate of gain for which environmental carry-over effects would 
be expected to be more important. The mean square for farms 
was smaller than that for sires within farms, thus leading 
to a negative estimate of the component of variance for farms. 
This means that pigs from the same farm (in different seasons, 
but corrected to constant-season basis) were less like each 
other in daily gain than the average likeness in daily gain 
among pigs over the whole sample. Even though the sample of 
farms was highly selected from among all farms in Iowa, they 
would not be expected to be so uniform as to give the present 
f 
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result, especially when offspring from only two, and at most 
three sires were represented from each farm. As a result of 
this method of analysis, the estimate of the sire component 
was raised from .0081 to .0105 and constituted 26.5 percent 
of the intra-breed variation in place of the previous 21.1 
percent, while farms contribute an estimated -4.1 percent. 
The negativity does not approach statistical significance and 
the only reasonable explanation of these findings is sampling 
error, the sample of 47 farms being rather more uniform than 
is normally expected. 
Backfat probe gave results nearer to those expected. 
The farm component made up 10.0 percent of the intra-breed 
variation, which is, however, still less than might be ex­
pected especially if "pockets" of fatness and leanness exist 
in the breed as a result of varying emphasis on backfat pre­
viously placed by breeders in their breeding programs. At 
24 percent, sires still account for more of the variation than 
seems reasonable, especially on an intra-farm basis. The sires 
were actually represented in different seasons and the data 
were corrected for average effects of season. The method used, 
however, affords only the best linear correction, and credits 
to the sire component any interactions between farms and sea­
sons which may be present in the data. A component this large 
would result if some breeders who had leaner than average pigs 
in the first season or seasons paid less attention to leanness 
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in later entries while other breeders did the reverse and 
paid much more attention to leanness as a result of observing 
how well lean boars were selling in the sales after testing. 
Backfat at 200 pounds is not very accurately predicted at the 
early age at which the pigs are sent to the station but some 
family and pedigree selection could have been practised. 
Using the appropriate mean squares, products and com­
ponents, further estimates of the genetic and phenotypic par­
ameters, now presumably free from farm effects but possibly 
containing some effects of farm x season Interactions, were 
obtained and are presented in Table 10. 
Table 10. Genetic and phenotypic parameter estimates 
Heritabilities 
4-crl 2(cf+of) <4 
d2 p 
Gain 1.02 .75 .49 
Probe 1.07 1.08 1.08 
Phenotypic 
correlation 
Genetic 
correlation 
Between gain and probe .27 .55 
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The phenotypic correlation between gain and probe is the 
same as that from the previous analysis (Table 6), and seems 
to reflect reasonably the phenotypic relationship between the 
two traits in these data. The sire component of covariance 
on an intra-farm basis was increased 40 percent, and as a re­
sult the estimate of the genetic correlation between gain and 
probe was raised from .38 (Table 6) to .55. This is tenta­
tively taken as evidence that fair" exert a masking influence 
on the genetic covariation between these two traits, although 
from these data no complete proof of such an inference is 
available. 
The heritability figures for probe are still unreason­
ably high even though smaller than previously estimated (Table 
6), while those for gain are higher than before, due to the 
increased percentage of variation ascribed to both sires and 
dams. The figures for heritability of daily gain are now sim­
ilar to those of Jonsson (1957) but higher than other previous 
estimates. 
3. Parameters involving efficiency of feed conversion 
As described in Section IV, B, 3, a slightly different 
approach was necessary to estimate the components of variance 
and covariance involving efficiency. Data from the first two 
seasons only were used, when pigs by one sire were tested in 
two different pens. In this way some measure of the intra-sire 
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variation was obtained. The procedure was also used to an­
alyze the data for gain and probe, and by comparing the sire 
components obtained by this method with those previously cal­
culated (Sections V, B, 1 and 2), some idea of the applicabil­
ity of the method was obtained. The applicability depends on 
the mean square between pens containing the same amount of 
variation between full sibs and between half sibs as is con­
tained in the mean square between sires. By subtracting the 
former mean square from the latter and dividing by the coef­
ficient 5.896 we obtain an estimate of 0^ which, however, still 
contains any effects of differences between farms. Those may 
have been small. The coefficients of <7^ and 0" in the two 
e p 
mean squares are very similar, so that if pen effects (which 
for probe and gain are seen to be very small, in fact) are ran­
dom over all sires, then this method should give a reasonable 
estimate of the sire component. For comparison the estimates 
obtained of the sire component for gain and probe in the two 
previous analyses are presented with the present estimate thus: 
Complete Restricted Present 
analysis analysis estimate 
Gain .0081 .0104 .006? 
Probe .0108 .0078 .0090 
The present estimate of the sire component for gain is 
lower than both previous estimates, while that for probe lies 
between the previous two. The several methods of estimation 
Table 11. Mean squares and components of variance from analyses to estimate 
parameters for efficiency 
Efficiency Gain Probe 
• DF Mean sq. Comp. var. Mean sq. Comp. var. Mean sq. Comp. var. 
Seasons 1 2.3652 .0070 1.0263 .0024 3.4616 .0091 
Breeds/season 16 .2542 .0059 .2515 .0061 .4768 .0127 
Sires/breed 81 .0700 .0085 .0674 .0067 .0831 .0090 
Pens/sire 97 .0201 - .0281 .0004 .0300 -.0050 
Within pens 388 — - .0269 .0269 .0449 .0449 
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Table 12. Coefficients of components of variance and 
covariance in Tables 11 and 13 
CQ O2 et O* 6 P s b a 
Seasons 1 2.993 5.955 44.195 291.586 
Breeds/seas on 1 2.988 5.906 30.962 
Sires/breed 1 2.978 5.896 
Pens/sire 1 2.979 
Within pens 1 
Table 13. Mean products and components of covariance from 
analyses and parameter estimates involving 
efficiency 
Efficiency x gain Efficiency x probe 
DF Mean Comp. of Mean Comp. of 
prod. covar. prod. covar. 
Seasons 1 1.5578 .0062 -2.8612 .0108 
Breeds/seas.16 
-.1929 -.0054 .2074 .0056 
Sires/breed 81 -.0269 -.0033 .0346 .0048 
Pens/sire 97 -.0076 - .0061 -
Within pen — - - -
Genetic correlations 
Between efficiency and gain-: -.44 
Between efficiency and probe-: .55 
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agree fairly well, however. The sampling errors of variance 
components are high, especially with data limited in volume, 
and it may well be that each estimate above is an estimate 
of the population parameter, with differences in estimation 
methods and sampling variation accounting for the discrepan­
cies. Many of the same animals are included in the figures 
being compared, which renders difficult any exact tests of 
statistical significance of the differences. 
From this analysis the genetic correlations between 
efficiency and probe, and between efficiency and gain were 
estimated. Use of the sire components of covariance and 
variance put these correlations on the basis of observations 
on single pigs and they are comparable, therefore, to pre­
vious estimates. These latter are few, due to the lack of 
individual feed records. Perhaps the most valid figures 
available are those of Jonsson (1957) who found the genetic 
correlation between efficiency and gain to be -.91 for bar­
rows and -.85 for gilts and that between efficiency and car­
cass backfat to be .25 for barrows and .02 for gilts. This 
could indicate very tentatively that there is more genetic 
association between fatness and inefficient feed utilization 
in these diverse breeds of pigs in the U.S.A. than is found 
in Danish Landrace, which may possibly be a result of many 
years of selection against fatness and for efficient feed 
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utilization in the Danish pigs, whereby in the range of 
genetic variation in the two traits there is left a some­
what lower correlation between the two. 
Much of the automatic negativity previously discussed 
is probably left in Jonsson's genetic correlation, due to 
his component method of computation. The same is likely 
to be true at least in part for the present estimate of -.44, 
for the -.78 reported by Dickerson and Grimes (1947), and 
the -1.7 found by Anderson (1954) although sampling error 
must also have affected Anderson's figure. All are in agree­
ment, however, that the same genes which make for rapid gains 
also tend to give increased efficiency of feed conversion. 
Dickerson (1947) found a correlation of -.58 between 
backfat thickness and feed efficiency indicating that in 
the Poland China and Danish Landrace pigs from which his 
data came, fatter pigs were genetically more efficient and 
he states "Sires transmitting tendency to more economic gains 
transmit tendency to deposit more fat." 
The present study does not agree with this statement, 
and the correlation obtained is of nearly equal magnitude 
but opposite in sign to Dickerson's result. The phenotypic 
correlation obtained by Dickerson for these traits within 
line and season was .12. In the present analysis, by using 
pen totals for the two traits, a correlation of .40 was 
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obtained, which compares with the figure of .29 obtained 
by correlating individual probes with pen-average efficiency 
over the whole volume of data. 
In view of the negative association between gain and 
efficiency and the positive association between gain and 
probe, it would perhaps seem reasonable to expect a negative 
association between efficiency and probe (though this is not 
necessarily so unless the two correlations are very high), 
the result which Dickerson obtained. However, neither the 
present study nor that of Jonsson (1957) supports such an 
argument. The finding of Dickerson and Gowen (1947) that 
the Yellow mouse needed less feed per unit of gain and that 
the gains were mainly fat seems not comparable to the normal 
physiological relationships being considered herein, and does 
not support the hypothesis of normal fat animals being more 
efficient than leaner individuals. The findings of Palmer 
et al. (1946) would, on the other hand, support such an 
hypothesis, since their high efficiency strain of rats gained 
more rapidly, required much less food per unit of gain, and 
were fatter than the low efficiency strain. 
These genetic correlations are on the basis of observa­
tions on a single pig. To convert them to the basis of in­
dividual probes and daily gains and the average efficiency 
of a pen the relationship is: 
83 
e= .44 e= .44 
r&EGG 
=-.44 
The average genetic relationship between pigs in a pen 
for the first two seasons, r, was calculated to be approxi­
mately .35 which gives a value for the path e above of .44. 
The genetic correlation between probe and efficiency in the 
same animal is .55; the genetic correlation between probe 
of one animal and efficiency of another in the pen is .55 x 
.35 = .19. The correlation between Gp and G_ is then 
1 1 
.44 (.55+ 2 x .19) = .41 
Similarly the correlation between G_ and G« is -.33. 
E 1 
4. Parameters involving lean cuts percentage of the barrows 
Table 14 shows the phenotypic correlations between the 
lean cuts percentage of the barrows and the performance traits 
of their full sib boars. These particular correlations were 
computed because the covariances were required in constructing 
the indexes. In 26 breed-season subclasses 168 boars (out of 
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672, the total number available for the analysis) had full 
sib barrows with values for lean outs, though in some cases 
two boars were full sib to the same barrow. The correlations 
involving probe and efficiency are both highly significant 
statistically. They indicate that boars which had lower 
figures for efficiency (i.e. were more efficient) and (as 
would be expected) boars which had the lowest probes were 
those which had full sib barrows producing the highest per­
centage of lean outs. The correlation of -.17 indicates that 
the slower gaining boars had barrow brothers yielding higher 
percentages of lean cuts more frequently than otherwise. 
This is in keeping with the general tendency for fast gaining 
pigs to be fatter, when measurements are taken on the same 
animal. Dickerson (1947) and Blackmore (1953) found weakly 
negative phenotypic relationships between rate of gain and 
percent lean cuts measured on the same animal. 
Table 14. Intra-breed and season phenotypic correlations 
between lean cuts percentage of the barrow and 
performance traits of full sib boars 
Gain Average efficiency® Probe 
Lean cuts of barrows -.17* -.39** -.41** 
&In most cases the average efficiency of the boar was 
for the pen in which the barrow was fed. In some cases in 
the first two seasons the average efficiency was for the 
second pen of the entry, if the full sib boar was. fed in a 
different pen from the barrow. 
*P < .05 
**P < .01 
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Ninety-six pairs of related barrows were available for 
estimating the heritability of lean cuts percentage and the 
genetic correlations between this trait and the three perform­
ance traits. The results are presented in Table 15. 
Table 15. Genetic parameters pertaining to lean cuts 
percentage 
Average 
Gain efficiency Probe 
Genetic correlation with; -.09 N
X o
o 1 
-.91 
Heritability; .53 
The genetic correlation of -.09 between daily gain and 
percent lean cuts is much lower than the corresponding gen­
etic correlation of -.61 obtained by Dickerson. It is also 
lower than the phenotypic correlation of -.17 between lean 
cuts of the barrow and the gain of his full sib boar. Con­
sidering the size of the genetic correlations between lean 
cuts and efficiency and between lean cuts and probe (shown 
in Table 15), the value of -.09 is surprisingly small. In 
examining the covariances used in computing the genetic cor­
relation, no computational errors were found and the explan­
ation of the low value seems to be sampling error. 
In this study, percentage of lean cuts showed a high 
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negative genetic association with feed required per pound of 
gain indicating that many of the genes responsible for ef­
ficient feed conversion also tended to produce the highest 
percentage of lean cuts. Again this result is in rather strong 
disagreement with that of Dickerson (1947). The present cor­
relation of -.83 contrasts with Dickerson's result of .64. 
The high genetic correlation between probe and percent 
lean cuts is an encouraging result. If the true genetic cor­
relation between the characters is really this high, then the 
backfat probe will certainly be a valuable aid to genetic 
progress in selecting meat type hogs. Phenotypically, Holland 
(1957) found that, of all the measurements he took both on the 
live pigs and on the carcass, the average of three backfat 
probes was the most accurate single indicator of percent lean 
cuts on the same pig. 
The intra-breed covariance of the lean cuts percentages 
between the two barrows by the same sire was .553 and the vari­
ance of lean cuts, calculated from the data available on 265 
barrows, was 5*056, so that the estimated phenotypic correla­
tion between related barrows was .109. The 8l pairs of half 
sibs and 15 pairs of full sibs had an average relationship 
of .33 between members of a pair, if we assume the average 
relationship of the dams on a farm to be .2. The estimate of 
heritability of lean cuts percentage is then .109 or .33. 
• 33 
Dickerson (1947) obtained an estimate of .29 which agrees well 
87 
with the present estimate. From the paternal half sib cor­
relation, Anderson (1954) estimated that heritability was .14. 
The heritability figures of .66, .51 and .38, obtained by 
Fredeen (1953), for loin area, percent ham and percent shoul­
der, respectively, contained four times the effects of any 
differences between farms which may have existed within a 
province in Canada. The present estimate of heritability 
also contains any effects of differences between farms since 
every pair within a season came from a different farm. This 
may have made the present figure somewhat too large. 
C. The Indexes 
1. Relative economic values 
Little study has been given to relative economic values 
for different traits in swine. The problem of getting re­
liable estimates of the value of each trait is complex, and 
solutions obtained at a given time may not remain applicable 
to prevailing economic conditions for long. Only sufficient 
consideration was therefore given to this aspect of the prob­
lem to obtain values which are reasonably descriptive of the 
economic conditions presently existing in the production of 
market hogs. 
a. Efficiency of feed conversion. The liveweight gain 
from 30 pounds to 200 pounds will be taken as a standard. An 
increase of one pound of feed per pound of gain means an in­
88 
crease of 170 pounds of feed. The current price of feed, 
along with appropriate supplements of proteins, minerals, etc. 
is approximately 3.5 cents per pound. This gives approxi­
mately six dollars as the value of a change of one pound of 
feed per pound of gain. 
b. Rate of gain. Assigning a value to a unit of change 
for daily gain is more complex than for feed efficiency. No 
two hog-feeding operations are identical, and the number of 
different economic situations probably equals the number of 
farms feeding hogs. Many farmers may be unable to use profit­
ably any time saved by earlier marketing of hogs. On the 
other hand, some operators may be able to buy more hogs im­
mediately and so use to the full their equipment and labor 
force, thus spreading costs over a larger volume of hogs 
marketed. Selling on early market is often profitable but 
early farrowing is often costly in terms of equipment re­
quired and pig losses, especially for spring pigs. Many 
other aspects could be considered, but most of these seem 
not directly chargeable to rate of gain, and probably would 
not affect appreciably the value assigned to the trait. Hence 
the most direct approach seemed to be to consider only the 
major costs contributing to the value of daily gain, i.e. the 
labor charge, the interest on the investment in the pig and 
the feed, and the depreciation of equipment. 
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The investment in a 30-pound pig is approximately 10 
dollars, and in the 500 pounds of feed required to feed it 
to 200 pounds is approximately 17.50 dollars, making a 
total of 27.50 dollars. Charging interest on this invest­
ment at 5% gives a cost of 1.38 dollars per annum or .004 
per day. At 50 dollars per week, one man who can tend com­
pletely to 230 hogs creates a labor charge of .03 per hog 
per day. Adding .001 for depreciation of equipment makes 
the total cost per hog per day approximately 3.5 cents. 
The average daily gain over the three seasons was ap­
proximately I.85 pounds per day. The extreme values for rate 
of gain so far recorded at the testing station have been ap­
proximately 1.2 and 2.5 pounds per day. Corresponding to 
these extreme rates of gain the period of time required by 
30-pound pigs to reach 200 pounds ranges from 141.7 to 68 
days. (The situation is curvilinear, and the distribution 
of rate of gain is probably non-normal, but by taking the two 
extremes a reasonable average should be obtained.) This is 
a difference of 73.7 days which corresponds to the difference 
in daily gain of 1.3 pounds per day. The number of days cor­
responding to a difference in daily gain of 1.0 pounds per 
day is then 56.7. At a cost of 3.5 cents per hog per day 
this leads to a figure of approximately 2.00 dollars as the 
value of increasing rate of gain by one pound per day. 
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c. Backfat thickness, Backfat thickness may be con­
sidered as having direct economic value because pigs are pur­
chased and sold on the basis of their backfat thickness. 
However the differentials for prices are determined accord­
ing to the percentage lean cuts for pigs with different de­
grees of backfat thickness. Hence it seems more logical that 
the trait of direct economic importance be considered as per­
centage lean cuts. Where statistics on percentage lean cuts 
are not available, however, it may be useful to use backfat 
thickness as a trait having direct economic importance. For 
that reason the economic value of backfat thickness was com­
puted according to the differential prices paid by an inter­
ior Minnesota packing company, although in this study its 
own value was considered zero in computing the indexes and 
it was useful only as an indicator of other things which did 
have value. The figures, based on some 600 carcasses, were: 
Average backfat thickness 
at last rib 1.4 in. 1.7 in. 2.0 in. 
Average value per 100 lbs. 
of live hog $19.27 $18.62 $17.98 
These figures indicate that «3 inch backfat causes a 
difference in value of 65 cents per live cwt. A difference 
of one inch in backfat would change the value of a 200-pound 
pig by approximately 4.33 dollars. 
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d. Lean cuts percentage. Two hypothetical 140-pound 
carcasses, one having 45 percent lean cuts and the other 
having 55 percent lean cuts were analyzed, using reasonable 
values for the weights of the various cuts in each case. The 
approximate figures in Table 16 show the structure of the 
change in carcass value. The difference of ten percent in 
lean cuts makes a difference of 3.44 dollars in total car­
cass value, i.e. 34.4 cents for each one percent. 
Table 16. The effect of lean cuts percentage on carcass 
value 
Price per Carcass cutting Carcass cutting 
pound 45% lean cuts 55% lean cuts 
Wt. Value Wt. Value 
Ham and loin $ .45 42 lbs. $18.90 52 lbs. $23.40 
Boston butt $ .33 8 lbs. $ 2.64 10 lbs. $ 3.30 
Picnic $ .21 13 lbs. $ 2.73 15 lbs. $ 3.15 
Belly and rest $ .21 37 lbs. $ 7.77 31 lbs. $ 6.51 
Fat $ .11 40 lbs. $ 4.40 32 lbs. $ 3.52 
Total 140 lbs. $36.44 140 lbs. $39.88 
Figures from the interior Minnesota packing plant based 
on 600 actual carcasses supported these hypothetical figures. 
Lean cuts were calculated as a percentage of live weight and 
the economic value of percentage lean cuts proved to be 50 
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cents. In this study, however, the percentage of lean cuts 
was calculated as a percentage of the carcass weight. A 200-
pound pig usually produces a carcass weighing about 140 pounds. 
Thus an increase of one percent in percentage of lean cuts 
has a value of 35 cents. 
Thus the aggregate genotype for which various indexes 
are to be computed and compared is: 
H — 2*00 G^  — 6#00 Grg "" 0*00 Gj + 0,^ 5 @4, 
where G^ , Gg, and G^  represent the additively genetic val­
ues for gain per day in pounds, feed efficiency in pounds of 
feed per pound of gain, backfat probe in inches, and percent 
lean cuts respectively. Where statistics on percentage lean 
cuts are not available, backfat thickness or backfat probe 
with an economic value of 4.5 may be used as an important in­
dicator of percent lean cuts. The usefulness of backfat probe 
derives completely from the fact that it is an accurate in­
dicator of percentage lean cuts. 
2. Variances and covariances 
Intra-breed variances and covariances were used in com­
puting the indexes. The phenotypic covariances were calcu­
lated directly using individual gain and probe of the boar, 
average efficiency of the pen in which the boar was fed, and 
the lean cuts percentage of a barrow full sib to each boar. 
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The genetic variances of gain and probe and the co-
variance of the two traits were computed by taking four times 
the sire or "entry" components obtained from the "complete" 
analysis of the entire volume of data (Section V, B, 1). As 
previously discussed, these components will contain any ef­
fects of differences between farms, but in the "restricted" 
analysis of these data these differences were found to be 
rather small. It seemed therefore, that the most accurate 
estimates of the genetic variances and covariance of gain and 
probe would be those from the analysis of all the data avail­
able, rather than those from the "restricted" analysis (Sec­
tion V, B, 2). 
The genetic variance of efficiency, and the genetic co-
variances of efficiency with gain and probe, were obtained 
from the "entry" or "sire" components of the analyses in­
volving the efficiency of feed conversion (Section V, B, 3)• 
Those analyses were not carried out in the conventional way 
by subtracting differences between full sibs and half sibs 
from the differences between sires to obtain one-fourth of 
the genetic variance or covariance. Instead, as shown in 
Tables 11 and 12, the mean square for differences between 
pens, (containing the component for differences between pigs 
within a pen plus k times the component for extra differences 
between pigs when they were in different pens) was subtracted 
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from the mean square for differences between entries (i.e. 
sires) to give an estimate of the "sire" component. Farm 
differences were again assumed near enough to zero that the 
best estimate of the sire component would be obtained by 
using all of the data available, rather than by using a 
sample restricted to farms which had entries in each of the 
p 
first two seasons. Then this sire component is rOç where 
r is the average relationship between offspring by the same 
sire. In this analysis r was taken as .35, the same as the 
intra-pen relationship, because the pigs by the same sire 
were randomly allocated to the two pens. Thus the genetic 
variance for efficiency is (Efficienoy) from Table 11, di­
vided by .35, giving .0243 as shown in Table 17. The genetic 
covariances between efficiency and gain, and efficiency and 
probe were computed in this same way. 
The genetic variance of lean cuts and the genetic co-
variance of the trait with gain, efficiency and probe were 
calculated using the heritability and genetic correlations 
(which statistics were calculated wholly from the data on 
related barrows) presented in Table 15. The genetic variance, 
1.6685, was the product of heritability, .33, and 5.0561, the 
phenotypic variance of lean cuts shown in Table 17. 
The genetic covariances were calculated from the products 
of the genetic correlations (shown in Table 15) and the appro­
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priate genetic standard deviations (derived from Table 17). 
The genetic correlation in Table 15 between lean cuts and 
efficiency involved the average efficiency of a pen, while 
the required genetic covariance involved individual effi­
ciencies. The following equations show the computational 
process, where V(Qg) = genetic variance of individual ef­
ficiency (Table 17), = genetic variance of average 
efficiency of a pen, and r is the average relationship among 
the pigs in a pen: 
V(G_) = ( 1 • 2r ) T«y =(1+21.35)) (.0243) = .0138 
Oot(OIC%) (Og) = rtGy,^ )!^ ) .yv(&L0^  . T(q_) 
= (-.83) /(.0138X1.6685) =-.1259 
(Gg) - ^  + 2r ) C°T —.2223 
The estimates obtained are summarized in Table 17. 
The statistics necessary for computing the right hand 
sides of the simultaneous equations are given in Table 17. 
One equation is required to represent the covariance between 
H, the aggregate genotype, and each of the characteristics 
included in the index. These characteristics are as follows : 
x^  is the daily gain of an individual boar 
xg is the average efficiency of a pen of three boars, 
of which one is the boar in question 
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Xj is the probe of the individual boar 
X4 is the lean cuts percentage of a barrow full sib 
or half sib to the boar. 
The computations are as follows î 
Gov ZjH = 2,00 (.0324) - 6.00 (-.0094)+.35 (-.0209) 
= .11389 
Gov X2H = (1+ 2r') |.00(-.0094) - 6.00(.0243) -t-.35 (-.2223)] 
3 
= il + 2rl (.24241) 
3 
= -.13737 
Gov X^ H = 2.00 (.0144) - 6.00 (.0137) +.35 (-.2443) 
= -.13891 
Gov X4H = r |2.00(-.0209) - 6.00(-.2223) +.35(1.6685)] 
= r (1.87597) 
= .93798 
In the above equations r and r' represent the relation­
ship between the animals upon which the measures were taken 
and the animal for which the index is computed, r is the 
relationship between the boar and the barrow on which lean 
cuts were measured, taken here as .5 for full sibs; r* is 
the average relationship among the three pigs in a pen for 
which average efficiency was recorded. 
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Table 17. Summary of phenotypic and genetic variances and 
covariances and economic values used in com­
puting the indexes 
Phenotypic parameters 
Gain 
Average 
efficiency Probe Lean cuts 
Gain 
Average efficiency 
Probe 
Lean cuts 
.0370 -.0053 
.0130 
.0094 
.0060 
.0330 
-.0654 
-.0998 
-.1663 
5.0561 
Genetic parameters 
Gain 
Individual 
efficiency Probe Lean cuts 
Factors far 
computing 
cov ZjH 
Gain .0324 -.0094 .0144 -.0209 1.0 
Efficiency -.0094 .0243 .0137 -.2223 (l+2r) 
3 
1.0 Probe .0144 .0137 .0432 -.2443 
Lean cuts -.0209 -.2223 -.2443 1.6685 r1 
Economic 
values 2.00 —6 » 00 0.00 .35 
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3. Alternative indexes 
The original index was set somewhat arbitrarily as 
10 = k+35%1 - 40ï2 ' 75X3 • 
Indexes designed to maximize the correlation between H and ' 
Ij are: 
11 = k + 2.90%1 - 7.71X2 - 3.633L 
12 = k+2t77%i - 8.17X2 - 3.85^  - .07X4 
13 = k + 4.47Xx - 5.48Z5 
1^  includes the same three traits as IQ, i.e. daily gain, X^ , 
efficiency, X2, and backfat probe, Xy Ig incorporates also 
the lean cuts percentage of a barrow full brother to the 
boar. Ij is an index involving daily gain and backfat probe 
only, since these are relatively easily measured as compared 
with feed efficiency and lean cut percentage. In IQ back­
fat probe is given weight equal to the sum of the other two 
traits. Largely because of the high economic value for ef­
ficiency and the value of zero placed on probe, greater em­
phasis is given feed efficiency in 1^  and I2 than in Iq. 
From the cov XjH (shown in Section 7, C, 2) it appears that 
lean cuts percentage as an indicator of breeding value is 
more than seven times as important as any of the other traits 
considered. Even so, in l2 negative emphasis is placed on 
lean cuts percentage of a barrow full sib. This indicates 
\ 
that backfat probe of the boar (in conjunction with his gain 
and the average efficiency of the pen in which he is fed) 
furnishes practically all the information available on the 
lean cuts of the boar. The genetic improvement in any trait, 
however, depends not only on the emphasis placed on that 
trait but also on the emphasis placed on other traits with 
which it is correlated genetically. The amount of genetic 
improvement expected in each trait by selecting on the in­
dexes is shown in the following section. 
4. Genetic progress and application 
The standard deviation of the index is given by 
where the are the phenotypic variances and covariances. 
The standard deviations of the present indexes were 0^ = 1.376 
di2 = 1.382 and <TZ = 1.127. 
°i  = /«Wi / 
The expected genetic progress in any trait from selecting 
on the index 
AG± = E(Gj-Gi) = (z/p)bGiI . = (z/p) oor 
I 
= (z/p) ? b.G± 
J «J where the G,, are ^ the gen­
etic variances and covariances, and 
aH = A Gjy 
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The genetic progress expected in each trait from selecting 
on the present index and those derived in this study are 
shown in Table 18. 
Table 18. The genetic progress, in units of z/p, expected 
in each trait and the aggregate genotype, and 
the multiple correlations of the indexes with 
the aggregate genotype 
T0 II x2 I3 
a Gain .01? .060 .057 .058 
E^fficiency -.120 
-.133 
K\ i—t 1 
-.104 
AProbe -.192 -.127 -.131 -.153 
ALean cuts % of boar 1.422 1.307 1.343 1.105 
AAggregate genotype 1.249 1.376 1.382 1.127 
RljH .817 .900 .904 .737 
1^  and Ig are both more efficient indexes than Iq. 
Both are more highly correlated with, and result in more 
improvement in, the aggregate genotype. Iq, however, would 
improve backfat probe and lean cuts percentage more rapidly 
than the other three indexes. 
Very little information appears to be added by the in­
clusion of the lean cuts percentage of a barrow full brother 
since the multiple correlation between Ig and H is only .004 
larger than that between 1% and H. The genetic progress in 
each trait from selecting on 1^  is very similar to that from 
selecting on Ig. 1% improves rate of gain very slightly 
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faster, while I2 has a very small advantage in improving 
backfat probe and lean cuts percentage. The accuracy achieved 
by 1^  is largely a result of the high heritability estimate 
for each trait and also of the high genetic correlation be­
tween lean cuts and individual efficiency and between lean 
cuts and backfat probe (shown in Table 19, Appendix). A 
further result of these two high genetic correlations is 
that genetic improvement is achieved in percentage of lean 
cuts by selecting on I2, despite the negative emphasis placed 
on the lean cuts percentage of a barrow full brother in that 
index. 
would improve H approximately 82 percent as much as 
would 1^  or Ig. The omission of efficiency in 1^  results in 
somewhat less genetic improvement in that trait and also in 
percent lean cuts, but gives slightly more improvement in 
backfat probe. Where facilities are not available for meas­
uring feed efficiency, 1^  would be a reasonably accurate in­
dicator of the breeding value of a boar. For use at the 
testing station of the Iowa Swine Testing Association, the 
most practical index suggested by this study is 1^ , which 
differs from that presently in use by giving relatively more 
wôight to efficiency of feed conversion and less weight to 
backfat probe. Consequently 1^  would give faster progress in 
both efficiency and gain, but slightly less progress in back­
fat and lean cuts percentage than is achieved by Iq. 
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The adequacy of these indexes depends on the sampling 
errors of the b, values. In the limited volume of data 
studied the sampling errors are undoubtedly high. When con­
siderably more data have been recorded at the testing sta­
tion more accurate estimates of the phenotypic and genetic 
variances and covariances will be available. Particularly 
for the genetic parameters are more reliable estimates re­
quired. 
f  
E 
: 103 
VI. SUMMARY 
The present study concerns the results of the first 
three seasons of operation of the testing station of the Iowa 
Swine Testing Association. The relative sizes of the meas­
urable sources of variation were investigated. The relation­
ships between the traits considered in the index used at the 
testing station were studied, to see how closely the index 
suggested by the data agreed with that presently in use, 
Iq = 35 Gain - 40 Efficiency - 75 Backfat Probe + a constant. 
Data were available on 672 boars and 265 barrows. The 
traits studied were: daily gain, efficiency of feed conver­
sion, backfat probe and, foe the barrows only, lean cuts per­
centage. No trend was obvious in rate of gain or efficiency 
of feed conversion (Table 2) but season and breed differences 
were marked (Table 3)* Backfat probe decreased and percentage 
lean cubs of the barrows increased over the seasons. The 
Yorkshire and Landrace breeds probed leanest but the breeds 
showing the highest percentage of lean cubs were the Hamp­
shire and Poland China. The Tamworth and Chester White breeds 
showed generally the poorest performance of all nine breeds. 
In all the analyses (Tables 3, 7» and 11) differences be­
tween entries (i.e. between sires) were marked: relative to 
the component for differences between litter mates, the component 
of variance between sires was generally rather large. From 
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a sample of data restricted to farms from which pigs were 
tested in at least two seasons, the differences between 
farms appeared small and statistically non-significant (Table 
7), while differences "between sires from the same farm" were 
highly significant. 
The estimates of heritability of the traits were: Gain, 
.85, .52, .19; probe, 1.26, 1.14, 1.20, using three methods 
of computation, (Table 6); efficiency of feed conversion, .87, 
.75, (Appendix,(Table 19), assuming intra-class correlations 
of .2 and .1 respectively between the efficiencies of pigs 
in the same pen, since individual measurements for this trait 
were not available); lean cuts percentage, .38 (Table 16). 
The phenotypic correlations (Tables 6, 10, and 15) in­
dicate that faster gaining boars were generally fatter and 
more efficient. However, the more efficient boars were those 
probing leanest. Also the slower gaining boars had barrow 
full brothers who produced the highest percentage of lean cuts. 
The genetic correlations (Tables 6, 10, and 13) suggest 
that some of the genes making for faster gains also made pigs 
fatter and more efficient. Genetically fat pigs, however, 
tended to be genetically less efficient. The genetic correla­
tions involving lean cuts and the other three traits, calcu­
lated from 96 pairs of related barrows (Table 16), indicated 
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that some of the genes which made for high percentages of 
lean cuts also made for slow gains, while most of the genes 
for high percentages of lean cuts made for efficient feed 
conversion and low backfat probes. 
The relative economic weights calculated for the traits 
were : X^ , daily gain in pounds, 2.00 ; X2, efficiency, pounds 
of feed per pound of gain, -6.00; Xj, backfat probe in inches, 
-4.50; X4, percentage of lean cuts, 0.35* The aggregate geno­
type was then defined as 
H s 2.00 - 6.00 Grgg— 0.00 0.35 0%^ . 
Backfat probe was given zero economic weight because its 
value derives completely from its usefulness as an accurate 
indicator of lean cuts, which is given appropriate economic 
weight. The indexes designed to maximize the correlation be­
tween H and 1^  were? 
Ix s 2.90 Xx - 7.71 X2 - 3.63 X, 
12 = 2.77 Xx - 8.17 X2 - 3.85 X? - .07 X4 
13 = 4.47 X1 - 5.48 X5 
The multiple correlations were: 
Bl]S = *900 
hI2H = .904 
Rl5H = «737 . 
In units of z/p the improvement (Table 18) expected in H from 
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- 1.376, 
12 = 1.382, 
13 = 1.127. 
Corresponding figures for I0 were, E^ g, .817 and the im­
provement in H, 1.249 z/p. The most practical index ap­
pears therefore to be 1^  which utilizes the same three traits 
as the index presently in use. The percentage lean cuts of 
a barrow full brother added too little information to justi­
fy its inclusion. Dropping the efficiency of feed conversion 
caused a sizeable loss in information, but where efficiency 
can not be measured I, would be a useful index. 
7 
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Table 19. Phenotypic and genetic correlations and heritabil-
ities derived from the variances and covariances 
used in the construction of the indexes 
Phenotypic correlations 
Average 
efficiency Probe Lean cuts 
Gain -.24 .27 
U
\ 
r—
1 
1 
Average efficiency .
 
ro
 
ro
 
I V
I 
SO
 
Probe -.41 
Genetic correla tions 
Individual 
efficiency Probe Lean cuts 
Gain 
-.33 .38 
O
s o
 1 
Individual efficiency .42 -1.10 
Probe 
Heritabilities 
-.91 
h2 gain .875 
2 h probe 1.310 
2 h efficiency .748® or oo
 
h2 lean cuts 
. 3 )  
A^ssuming r (intra-pen) equal to .1 
A^ssuming r (intra-pen) equal to .2 
